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Abstract	  

 

 

In Chapter 1, a literature review was undertaken to identify the etiological factors of 

failure of soldered bars in bar attachment systems for removable implant overdentures. 

Clinical studies with prosthodontic maintenance complications with implant 

overdentures, where bar attachment systems had been used as the suprastructure, were 

identified to establish the perceived etiology of failure. A further search of the fixed 

prosthodontic literature was then done to identify specific factors affecting the strength, 

fatigue resistance and quality of gold solder joints related to those used for bar attachment 

systems. This showed low failure rates of inter-implant bars, but higher failure rates for 

distal-extension bars. There was no explanation or description of the nature of the failure 

in the clinical studies reviewed. Conversely, the fixed prosthodontic literature identified 

multiple factors that could potentially have affected the solder joints. Two potential sites 

of failure initiation in distal bar cantilevers are identified and a simple estimate of the 

tensile stresses at the solder joint indicates values comparable to the fatigue failure 

stresses reported in the literature. Further research was deemed necessary to establish the 

fatigue resistance; physical and metallurgical properties of bar attachment system solder 

joints for implant overdentures. 

 

In Chapter 2 a series of clinical case studies were followed up to investigate the failure 

process of 6 failed soldered bars, 4 intact soldered bars and 1 intact cast milled bar 

supporting either maxillary or mandibular implant overdentures. A total of 11 

overdenture bars, divided into 2 groups, were removed for scanning electron microscopy 

observations from patients. The failed bar group (n= 6) had failed overdenture bars which 

were recovered from patients following up to 2 years of wear before requiring 

prosthodontic maintenance and repair. The intact bar group (n=5) had soldered bars as 

well as a single cast milled bar, which had been worn by patients for 2-5 years prior to 

receiving other aspects of prosthodontic maintenance. All bars were examined using 

scanning electron microscopy to establish the possible mode of failure or to identify 
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evidence of potential failure in the future. Evidence of a progressive failure mode of 

corrosion fatigue and creep were observed on all the failed bars and in various stages of 

corrosion. Fatigue and creep was also observed in all the intact bars. Where the level of 

corrosion was substantial, there was no evidence of wear from the matrices of the 

attachment system. Evidence of an instantaneous failure mode, ductile and brittle 

overload was observed on the fracture surfaces of all the failed bars. In all failures, the 

fractures occurred within the solder and within the non-oxidising gold cylinder abutment 

at the solder / cylinder interface. The intact bars showed evidence of progressive failure 

modes around the solder areas and non-oxidising gold cylinder abutments. It was 

concluded that corrosion followed by corrosion fatigue appears to be a key factor in the 

onset of the failure process for overdenture bars supporting overdentures.  The clinical 

implications relate the recommendation of the use of connecting bars to support 

overdentures, as well as using distal cantilevers. 

 

Chapter 3 involved an in vitro investigation of the nature of the observed clinical failure 

process of bar attachment systems and cantilevered bar attachment systems by comparing 

this with a simple flexure and fatigue cycling simulation of similar cantilever soldered 

joints. 6 non-oxidising gold cylinders were soldered to Dolder bars using 3 different 

solders and a flame soldering technique, one with a round (filleted) shaped design and the 

other with a straight (non-filleted) shape design. Force was applied with a universal 

testing machine and deflection of the bars was plotted in relation to the load applied. 

Additional fatigue tests were conducted on the cantilever beams using a simple cam 

activated force loading system (150N) that lowered a dead weight onto the cantilever 

beam at a frequency of 1.2 Hz. The time to fracture and number of cycles to fracture was 

recorded. SEM observations were made at 8000 and 16000 cycles to identify the onset 

and propagation of the fatigue crack extension as well as the failed joints. It showed that 

the soldered joints used with bar attachment systems had relatively low yield stresses and 

that distal cantilever bars are prone to plastic deformation under biting forces similar to 

those developed in vivo. Also, it was shown that the yield stress depends on the solder 

alloy type. Stress corrosion in conjunction with masticatory cyclic loading appeared to be 

the primary factor in the etiology of observed clinical failure.  
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In Chapter 4 the influence of flame and furnace soldering methods was investigated on 

the stress corrosion, fatigue resistance and fracture toughness of a Dolder bar soldered to 

a non-oxidising gold cylinder using a gold solder. Two bars were soldered to opposite 

sides of a cylinder using the two techniques. Fatigue cycling one side of the bars was 

undertaken, with one group in a wet corrosive environment and the other in air. The 

system compliance and energy loss (mJ), was calculated. The critical stress intensity 

factor, K1c, of the solder / cylinder interface was established using a single-edge-notched-

beam test. Mode of failure was evaluated using SEM. The results showed that no 

corrosion was observed in the wet environment. During fatigue cycling, intermittent 

flexural evaluation showed a loss of energy within the soldered joints. Both soldering 

methods produced a thin brittle diffusion layer within the surface of the cylinder. The K1c 

of this layer was similar to that of a brittle ceramic. No embrittling reaction occurred at 

the solder / bar junction. It was concluded that both soldering techniques produce a thin 

brittle diffusion layer that created a brittle intermetallic phase within the surface of the 

cylinder that created an inherent weakness within the joint and that this interfacial 

reaction has clinical relevance for soldered bar attachment systems using non-oxidising 

cylinders.  

 

Chapter 5 investigated the metallurgical properties of flame and furnace soldered joints 

produced with three different solders in terms of their elemental composition. Three 

Dolder bars were soldered, each with a different solder, to the non-oxidising gold 

cylinder using a flame and furnace soldering technique. These, plus non-heat treated 

reference specimens were embedded and polished for metallographic analysis using a 

field emission SEM and electro dispersive spectrography analysis (EDS). Images were 

acquired using either a secondary detector or backscattered electron detector (BSD) to 

identify different areas and metallic phases within the samples for analysis. The width of 

the reacted phases at the soldered interface was measured. The study found that distinct 

phases at the non-oxidising gold cylinder / solder junction formed during the soldering 

process in the solder matrix and the cylinder, but not at the solder / Dolder bar junction. 

The width of diffusion zone in the edge of the cylinder is dependent upon the elemental 
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composition of the solders used and the soldering technique, with the flame technique 

producing a narrower zone width compared to the furnace technique. The homogeneous 

diffusion zone within the cylinder contained the elements Au, Pd, Pt, Ag , Cu and Zn, 

that was different to the bulk material which contained only Au, Pd and Pt. Zn, Cu and 

Ag had migrated from the solder towards the cylinder interface while Pd and Pt had 

diffused from the cylinder into the solder to form eutectic and precipitated spheroid 

phases. The eutectic structure formed within the solder adjacent to the cylinder was 

narrower with the flame technique compared to the furnace technique.  

 

Chapter 6 investigated the same joints prepared for EDS analysis in Chapter 5 in terms of 

their mechanical properties before and after the soldering process. Indents were carried 

out in a UMIS nanoindentation system. Indents were placed across the interface of the 

non-oxidising gold cylinder / solder / Dolder bar for each of the solder types and 

soldering techniques. In addition, a specimen of non-heat treated non-oxidising gold 

cylinder, three types of solder and Dolder bar were also indented for purposes of 

comparison. Subsequently, 3 parallel rows of indents were repeated at a decreased force 

across these interfaces. The study found that as a result of the soldering process the non-

oxidising gold cylinder showed a slight increase in E-modulus and a slight decrease in 

hardness for the heat-treated materials compared to the non-heat treated control, while the 

Dolder bar shows the opposite with a small decrease in E-modulus in the heat-treated 

materials and a small increase in hardness for the heat-treated materials. The E-modulus 

and hardness values of the diffusion zone, identified in Chapter 5, within the edge of the 

non-oxidising gold cylinder at the non-oxidising gold cylinder / solder interface were 

significantly higher then those of the surrounding non-oxidising gold cylinder and the 

solder. The increase in E-modulus and hardness values of the diffusion zone was caused 

by the diffusion of elements into and out of the non-oxidising gold cylinder with a 

resultant formation of a different alloy to that of the original non-oxidising gold cylinder 

alloy. 

 

Overall Conclusion of this thesis: The soldering process, when joining a non-oxidising 

gold cylinder to a Type IV gold Dolder bar, creates a hard brittle diffusion zone within 
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the non-oxidising gold cylinder at the non-oxidising gold cylinder / solder interface that 

may lead to catastrophic failure if crack propagation, that occurs within the more ductile 

solder, reaches this zone. 

 

Recommendations - When fabricating bar attachment systems using a soldering 

technique, the dental technician should avoid using the non-oxidising gold cylinders as 

supplied and recommended by the implant component manufacturers. Instead, the dental 

technician should cast plastic burnout abutments / cylinders in a Type IV gold alloy, 

thereby avoiding the development of the brittle diffusion layer. Manufacturers of implant 

cylinders for use in the fabrication of bar attachment systems, should introduce an 

additional cylinder to their product line for the soldering technique made from Type IV 

gold alloy, the same that is used to manufacture the Dolder bar. 
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Introduction	  
 

 

The idea for this study arose out of the failure of a number of soldered bar attachment systems 

that were manufactured for maxillary and mandibular implant overdentures within the School 

of Dentistry, University of Otago. Each chapter is a self-contained entity that will take the 

reader through the process of investigating the range of probable causes of failure, initially 

through reviewing the literature on the subject of failure in soldered joints and subsequently 

the series of experiments that were carried out to add new knowledge to this existing body of 

knowledge on the subject. 

 

Chapter 1, the review of the related literature, attempts to identify the aetiological factors of 

failure in clinical studies with prosthodontic maintenance complications where bar attachment 

systems had been used as the suprastructure, followed by a review of the fixed prosthodontic 

literature to identify factors affecting the strength, fatigue resistance and quality of gold solder 

joints used to fabricate bar attachment systems (Waddell et al., 2006). 

 

Chapter 2 presents a series of clinical case studies showing scanning electron microscopy 

observations of failures of implant overdenture bars that occurred during the course of the 

study that illustrate the nature of the problem (Waddell et al., 2010). 

 

Chapters 3, 4, 5 and 6 report on the series of in vitro studies carried out to explore the range of 

causal factors. Chapter 4 investigates the fracture behaviour of fatigue-loaded cantilever bars 

and relates the results with clinically failed bar attachment systems (Waddell et al., 2007). 

Chapter 5 continues with this theme and investigates the influence of a flame and furnace 

soldering method on the stress corrosion, fatigue resistance and fracture toughness of soldered 

bar attachment systems for implant overdentures. Chapter 5 investigates the metallurgical 

properties of flame and furnace soldered joints in terms of their elemental composition and 

Chapter 6 investigates the same joints in terms of their mechanical properties before and after 

the soldering process. 
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Chapter 7 brings together and presents the overall summary and conclusions of the total study 

and outlines the recommendations applicable to the dental industry when producing bar 

attachment systems using a soldering technique. 
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1 Literature	  Review	  
 

 

1.1 Introduction	  
 

Despite the advances in modern dentistry, the complete loss of teeth (edentulism) limits the 

restorative options to removable complete dentures. Besides improving the aesthetics and 

phonetics of the patient, dentures are mandatory for a person to masticate. However, even 

with dentures, the ability to deliver an efficient mastication is restricted and is never to the 

level of the natural teeth, decreasing with time as the supporting maxillary and mandibular 

bone recede due to the reduced biomechanical stimulation (Atwood, 2001; Zarb et al., 2003). 

Implant-supported dentures improve the biomechanical integration of the dentures by 

providing them with a better retention and also increase the biting force by partially relieving 

the gingivo-mucosal support of occlusal loads. Implant overdentures usually consist of several 

titanium dental implants placed inside the bone on which supra-gingival abutments made of 

the same metal are attached. On top of the abutments noble alloy cylinders (Au-Pt-Pd) are 

screwed and then connected by soldering noble alloy bars (Au-Pd-Cu-Zn) between them. 

These “bars soldered to cylinders” are known as bar attachment systems. 

 

Concepts and terminology for bar attachment systems for both maxillary and mandibular 

implant overdentures (removable dental prostheses retained by dental implants) have evolved 

from the historical literature (Mericske-Stern, 1996a; Mericske-Stern et al., 2000). Use of 

overdentures retained by splinted dental implants, specifically using a bar attachment system, 

were recommended in the early 1980s (Mericske-Stern, 1996a). Bar attachment systems (both 

bar joints and bar units) used with implant overdentures were developed from prosthodontic 

treatment planning philosophies from the 1970s and 1980s for root- or tooth-supported 

overdentures (Dolder and Durrer, 1978; Preiskel, 1985; 1996; Toolson and Smith, 1983; 

Toolson and Taylor, 1989). Treatment was focused at that time and into the 1990s on the 

general recommendation that had been undoubtedly extrapolated from the historical 

overdenture philosophy (Batenburg et al., 1998; Engquist et al., 1988; Mericske-Stern, 1994; 

Naert et al., 1994; Naert, 1997a; Zarb et al., 1985; Zarb and Schmitt, 1994; 1996). 
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For maxillary implant overdentures, the current recommendations involve the use of 4 or 

more implants with or without cantilever extensions of the bar attachment system, usually 

with a cast framework (Mericske-Stern et al., 2000; Preiskel, 1996). Controversy exists in the 

literature with regard to the use of a bar with a rigid connection (Mericske-Stern et al., 2000) 

or a resilient connection (Mericske-Stern et al., 2002). Distal cantilever extensions of bar 

attachments are reported to improve the stability of the overdenture, particularly in situations 

where the surgical placement of implants is only possible anterior to the first premolar regions 

(Mericske-Stern, 1996a; Mericske-Stern et al., 2002; Mericske-Stern et al., 2000; Preiskel, 

1996). 

 

For mandibular implant overdentures, considering the concept of the hinging overdenture, 

(Naert et al., 1997b) cantilever extensions of bar attachments have also been recommended 

with 2 to 4 intraforaminal implants to improve stability against lateral forces of the removable 

dental prostheses retained by dental implants (Mericske-Stern, 1996a; Mericske-Stern et al., 

2000; Naert et al., 1997b). It has been recommended that bar extensions should not extend 

beyond the position of the first premolar of the mandibular prostheses, and should not be 

expected to compensate for a short central segment (Mericske-Stern et al., 2000). 

 

The purpose of this literature review was to identify the etiological factors of failure of 

soldered bar attachment systems for removable implant overdentures (removable dental 

prostheses supported by dental implants). A search of MEDLINE using the key words ‘‘bar 

attachment systems’’ was performed of English language peer-reviewed journals published 

between 1975 and 2010. The 1975 cut-off date was selected to cover the development of the 

bar attachment concepts that were transferred from traditional overdenture prosthodontics to 

implant overdentures (Dolder and Durrer, 1978). Hand searches were performed of references 

that were considered relevant to the topic from articles found in the MEDLINE search. 

 

Clinical studies with prosthodontic maintenance complications in implant overdentures for 

which bar attachment systems had been used were identified to establish the perceived 

etiology of failure. A further search of MEDLINE using the key word ‘‘solder joint’’ was 

then performed of the fixed prosthodontic literature to identify specific factors affecting the 

strength, fatigue resistance, and quality of gold solder joints used for bar attachment systems. 
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1.2 Clinical	  studies	  with	  prosthodontic	  maintenance	  complications	  in	  
overdentures	  retained	  by	  bar	  attachment	  systems	  
 

Bar attachments for implant overdentures are subjected to mechanical forces that result in 

fractures. Mericske-Stern (1996a) and Mericske-Stern et al. (2000) recommended that U-

shaped bars, as opposed to Dolder-type ovoid bars or round bars, should be used for distal 

cantilever extensions due to the greater cross-sectional area available to provide a stronger 

solder joint. 

 

The issue of prosthodontic maintenance requirements of mandibular implant overdentures 

was reported in a review of 35 papers (Payne and Solomons, 2000) in which the authors 

identified the need for a uniform, standardized method of categorizing these factors. With 

regard to the splinted overdenture designs used, several articles (Behr et al., 1998; Johns et 

al., 1992; Schmitt and Zarb, 1998; Watson et al., 1997) listed in the review reported ‘‘bar 

fractures’’ representing a mean failure rate of 3.97% (total number of overdentures in these 

mentioned studies was 302). The specific cause and nature of the ‘‘bar fractures’’ were not 

reported by the authors of these studies in situations in which the distal cantilever extension 

portions of the bars were not used. 

 

A study by den Dunnen et al. (1998) reported fractures of Dolder-type triple bars (4 implants, 

3 bars) with distal cantilever extensions for mandibular 4-implant overdentures occurring on 

14 occasions in 7 of 28 patients. This was at significantly higher levels as compared to a 

single fracture in 1 of 20 other patients also with Dolder-type triple bars, but without distal 

cantilever extensions. No explanation was given as to the cause of the 14 cantilever bar 

fractures in the 7 patients, other than that during mastication the posterior part of the implant 

overdenture was located in the area where most of the occlusal load was transferred. This is 

contrasted in a later study on maxillary bar overdentures by Kiener et al. (Kiener et al., 2001) 

The authors reported 2 broken interabutment U-shaped Dolder-type bars and 8 broken distal 

bar extensions in 33 maxillary bar overdentures followed over the first 2 years of service. This 

study included patients with and without distal cantilever bar extensions. Reasons for these 

fractures and their etiology were not reported (Kiener et al., 2001). It is important to note that 

in the previously described literature, neither the nature of the fracture nor the fracture site 

was reported. Theoretically, bar fractures could occur at the solder joints of the interabutment 

areas or in the cantilever areas. Goodacre et al. (1999), in a review of clinical complications 

of osseointegrated implants, identified 4 studies (Jemt et al., 1992; Johns et al., 1992; 
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Mericske-Stern, 1990; Wismeyer et al., 1994) that also reported fractures in the bar 

attachment systems. The causes, when collated with metal framework fractures in fixed dental 

prostheses retained by dental implants, were attributed to a range of factors, including 

insufficient metal thickness, inferior solder joints, excessive cantilever length, inadequate 

strength of alloys, parafunctional habits of patients, and incorrect framework design. 

 

Discussion of the complex torquing forces that bar attachments are subjected to, whether 

manufactured with a laboratory spacer or not, was reported by Preiskel (1996) and Besimo 

(Besimo, 1998). An in vivo study by Benzing et al. (1995) showed that using a cantilevered 

design increased the load on the distal implants for maxillary implant overdentures threefold 

during masticatory cycles. The authors further recommended that materials with a high elastic 

modulus should be used for cantilevered bars to increase their resistance to bending. A 3-

dimensional (3-D) in vivo study by Mericske-Stern (1997) showed that the addition of distal 

bar extensions to increase denture stability in situations where implant placement is anterior 

to the first premolars influenced the force magnitudes and directions much less than expected. 

A series of 3-D force measurements with 2 mandibular intraforaminal implants supporting 

overdentures revealed no significant differences when different attachment devices and 

retention mechanisms were compared (Mericske-Stern et al., 1996b; Mericske-Stern, 1998a). 

These studies also found that axial forces were dominant with mandibular overdentures and 

were accompanied by transverse forces (Mericske-Stern et al., 1996b; Mericske-Stern, 

1998a). In one study in which 44 patients had rigid U-shaped bars placed for maxillary 

overdentures with and without cantilever extensions, an equivalent number of fractures of the 

bars occurred in both groups during the 5-year observation period (Dudic and Mericske-Stern, 

2002). In another study of the same type of overdenture design in 33 patients, there was no 

mention of any fractures of the U-shaped bars in the distal extension area (Mericske-Stern et 

al., 2002). It is therefore questionable whether distal extensions for overdenture bars are 

necessary, and if they are, whether they will inevitably fracture (Mericske-Stern, 2003). Distal 

extensions, therefore, seem to provide stability against lateral forces, particularly in the 

mandible where they may protect the vulnerable denture-bearing tissue from loading forces 

(Mericske-Stern, 2003). It is recommended that distal extensions not extend beyond the 

position of the first premolar for mandibular overdentures, and they should not be expected to 

compensate for a short central segment (Mericske-Stern, 2003). Experimental measurements 

support the rationale that maxillary implant overdentures are best supported by multiple 

implants connected by a rigid bar (Mericske-Stern, 2003; Mericske-Stern et al., 2000). 
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However, the previously mentioned studies of maxillary and mandibular overdentures still did 

not identify and describe the etiology and nature of the fractures. A number of factors 

influence the quality and strength of bar attachment overdentures. A review of the 

recommended technical manufacturing steps, for example, as outlined by Jennings and Lilly 

(1992), involved the soldering of a type IV gold bar to a nonoxidizing gold cylinder using a 

gold solder with a melting point below that of the bar. This procedure is technique-sensitive, 

and the quality of the solder joint and its strength is dependent on the technical skill of the 

dental technician and the surface area of the cross-section of the bar where it is soldered to the 

cylinder. This is particularly true if the excess solder forming a rounded concave junction 

surrounding the solder joint is trimmed back by the dental technician. From a mechanical 

perspective, the removal of the excess solder around the solder joints will create a stress 

concentration point that can weaken the joint. The method of soldering depends on the 

technician and can be varied by soldering in a porcelain furnace with or without vacuum, or 

using a flame (propane/oxygen; propane/air; natural gas/oxygen; natural gas/air) as the heat 

source (Shillingburg et al., 1997). 

 

 

1.3 Fixed	  prosthodontic	  literature	  with	  factors	  related	  to	  bar	  attachment	  
fabrication	  
 

Extrapolation of the factors that can affect the quality and strength of solder joints in fixed 

prosthodontics may be applied to overdenture bar attachment solder joints. For a solder joint 

to remain viable long-term in the oral environment, it must have sufficient strength and 

quality to resist fracture caused by fatigue from flexure, support the loads applied, and resist 

tarnish and corrosion that, over time, can weaken the joints (Anusavice and Phillips, 2003; 

Darvell, 2002; Shillingburg et al., 1997). There are several factors that may affect the quality 

and strength of a solder joint, causing it to fail (Butson et al., 1993; Carlberg and Wictorin, 

1986; Chaves et al., 1998; Cheng et al., 1994; Monday and Asgar, 1986; Press et al., 2001; 

Vallittu, 1997; Wiskott et al., 1997). Butson et al. (1993) demonstrated that the soldering 

method had a significant effect on the fatigue resistance of the solder joint. Press et al. (2001) 

indicated that the method and type of abrasive used to prepare the joint surfaces had an effect 

on the fatigue resistance and strength. Chaves et al. (1998) showed that there are significant 

differences in solder joint strength, dependent on the soldering method. Vallittu (1997) 

demonstrated that solder joints are more prone to fatigue fracture than cast metal frameworks 

with no solder joints. Wiskott et al. (1997) reported that diffusion of the filler metal into the 
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parent metal, which can be caused by too high a heat source or wrong choice of solder 

material, weakens the joints. Cheng et al. (1994) found that flame soldering can produce 

‘‘heat affected zones’’ and levels of porosity that will weaken a solder joint. Carlberg and 

Wictorin (1986) identified that voids in dental gold-soldered connectors act as initiation 

points for cracks, resulting in fatigue fracture and decreased strength. Voids frequently can be 

linked to improper soldering techniques such as the use of flux, wrong type of solder, or gas-

flame as a heat source. Monday and Asgar (1986) found torch soldering yielded significantly 

stronger joints than vacuum-oven soldering. 

 

Additionally, the choice of solder in relation to the differing parent metals, as for a type IV 

gold bar attachment soldered to a nonoxidizing gold cylinder, can cause a weakened joint and 

failure if there is alloying between the solder and one of the parent metals (Anusavice and 

Phillips, 2003). Therefore, the choice of solder can be critical to the strength and fatigue 

resistance of the bar attachment solder joint. It is for this reason that dental alloy 

manufacturers produce a range of separate solders to match each type of alloy in their metal-

ceramic alloy range (Shillingburg et al., 1997). 

 

The properties of soldered joints, especially related to fatigue behaviour and with a wide 

range of failure stresses, have been reported. Buston et al. (1993) and Press et al. (2001) 

reported that the number of cycles to failure of solders ranged from 104 to 106 in a rotating 

bending jig at 241 MPa. Wiskott et al. (1994) measured the fatigue failure stress (denoted as 

the S-N curve with applied stress (S) versus cycles to failure (N)) in tension to range from 75 

to 300 MPa for similar soldered joints until fracture occurred or 106 cycles were sustained. 

Wiskott et al. (1994) also indicated the significant contributions to crack initiation of flux 

inclusions and solder porosity. This was verified by Press et al, (2001) who also reported that 

prior surface preparation was a contributing factor to the success of the solder joint . 

 

Demonstration of the potential failure sites of a distal extension cantilever bar are shown in 

Figures 1.1 and 1.2. 
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Figure 1.1 Potential failure sites in gold cylinder and distal extension bar attachment solder joint 

 

 
Figure 1.2 Occlusal view of potential failure sites in gold cylinder and solder joint. 

 

A cantilever is a projecting beam or member supporting one area. Potential failure sites 

include the solder joint at the root of the cantilever beam and the section of the gold cylinder 

to which the cantilever is attached at a 90-degree angle. This area is radially stressed by the 

torque applied to the retention screw and the cantilever bending forces. The stresses 

developed within the gold cylinder are difficult to estimate, whereas in the case of the notch 

root stresses at the solder joint of the cantilever, stresses are relatively simple to estimate. 

With respect to the schematic drawing in Figure 1.1, the stresses at the solder are given by σ 

=MC/I (Ashby, 2005), where M is the bending moment Fl, with F as the force and l as the 

distance of force application from the notch root. I is the moment area of inertia (πd4/64), with 

d as the beam diameter, and C as the radius of beam (d/2). The maximum stress is given by σ 

=32Fl/πd3 (Ashby, 2005; Callister, 2007). The maximum normal occlusal force for a posterior 

tooth is approximately 250 N (Butson et al., 1993), and the moment arm length is the distance 

from the implant to the application of the force. The length of acrylic resin in the posterior 
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portion of the overdenture beyond the bar may be as much as 40 mm. With a beam 6 mm in 

diameter, the resulting stress at the solder region is approximately 250 MPa, which is within 

the cyclic stress range shown by Butson et al. (1993) and Press et al. (2001) to exhibit fatigue 

failure. 

 

 

1.4 Discussion	  
 

The literature from clinical studies on prosthodontic maintenance complications has identified 

reported failures and fractures of soldered bars in bar attachment systems, yet authors do not 

comment on the nature, site, or etiology of these. They do not report on the laboratory-based 

factors that could be the causes of soldered bar attachment fractures or failure. As a result, 

clinicians seem to be persuaded against the design concept of providing distal bar extensions 

as cantilevers, due to the potential for failure as reported in the literature. This review has 

shown that there are multiple laboratory-based factors that affect the strength, fatigue 

resistance, and quality of the solder joints for fixed prosthodontic restorations. These factors 

(soldering method, solder joint strength, the type of abrasive used to prepare the solder 

surfaces, levels of porosity, weakening of the joint caused by diffusion of filler metal into 

parent metal, and voids acting as crack initiation points), rather than bar design, may have 

been the cause of soldered bar attachment fractures reported in the overdenture literature. 

These factors may offer an explanation as to the true etiology. 

 

However, when a dental technician chooses a solder to join a bar unit or bar joint to a gold 

cylinder, a primary factor is the melting range of the type IV gold bar, generally between 

850°C and 950°C (Anusavice and Phillips, 2003). The gold cylinder, usually an alloy of gold 

and platinum, has a higher melting range than the gold bar. Therefore, this is not a factor with 

regard to the melting temperature of the solder. The manufacturers of the gold bars generally 

do not recommend a brand or type of solder to be used. There is little cognizance of the 

potential to create alloying at the joint if the technician selects the incorrect brand or type of 

solder. It is generally desirable to use the lowest melting point available to create the widest 

temperature difference with the metal of the bar. In this way, there is less chance of melting or 

damaging the bar when soldering by hand using a gas/oxygen flame, or soldering in a 

porcelain furnace with or without vacuum (Anusavice and Phillips, 2003; Darvell, 2002). The 

production of a mechanically strong, high-quality solder joint that will resist the functional 
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forces and maintain its mechanical properties in terms of long-term fatigue resistance and 

tarnish and corrosion resistance is dependent on multiple factors. Neglect of any of the 

previously described factors in fabricating the bar attachments can result in fracture or failure. 

 

This review proposes a simple stress analysis, which indicates that design issues for distal 

extensions, when applied to bar attachment systems to implant overdentures, are essential. 

The stresses developed are in the range in which fatigue of the solder joints is observed. 

Further research is needed on fatigue failure or fracture of soldered bars for bar attachment 

systems related to maxillary and mandibular implant overdentures (removable dental 

prostheses on dental implants). The use of scanning electron microscope evaluation to 

identify crack initiation and propagation would help identify the mechanisms of the bar 

failures or fracture (Callister, 2007). There is a need to also identify the physical and 

metallurgical properties of solder joints in bar attachment systems in terms of various 

soldering materials and methods. This should include the investigation of the diffusion of 

elements from the parts being soldered and identification of the effects that these intermetallic 

phases may have on the mechanical properties, fatigue, and corrosion resistance. A number of 

methods may be implemented that considerably reduce the stresses, including the use of a 

tapered beam in which the diameter at the solder joint is greater. In addition, the stiffness of 

the bar can be increased so that the forces applied to the distal extension arm are reduced. An 

appropriate numerical model of the stresses developed throughout the distal extension arm 

and supporting implants is also recommended. 

 

 

1.5 Summary	  
 

The literature from clinical studies on prosthodontic maintenance complications has identified 

reported failures and fractures of soldered bars in bar attachment systems, yet authors do not 

comment on the nature, site, or etiology of failure. In contrast, the fixed prosthodontic 

literature identifies several factors (soldering method, solder joint strength, the type of 

abrasive used to prepare the solder surfaces, levels of porosity, diffusion of filler metal into 

parent metal weakening the joint, voids acting as crack initiation points) that impact the 

quality, strength, and fatigue resistance of solder joints, affecting the fabrication of bar 

attachments for implant overdentures. 
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2 Scanning	  Electron	  Microscopy	  Observations	  of	  Failures	  of	  
Implant	  Overdenture	  Bars:	  A	  Case-‐Series	  Report	  
 

 

2.1 Introduction	  
 

The standard of care for removable overdentures in the edentulous maxilla usually rests on, as 

few as 4 implants, or as many as 8 implants, connected by different types of bars. The bars 

recommended can be soldered (Engquist et al., 1988; Mericske-Stern, 2003; Palmqvist et al., 

1994); cast with milled designs (Eckert and Carr, 2004; Lothigius et al., 1991; Naert et al., 

1998; Zitzmann and Marinello, 1999); made using spark erosion (Toljanic et al., 1997) or 

even milled precision bars using base metal alloy (cobalt-chromium) (Kramer et al., 1992).  

Controversy, however, still hinges on the number of implants, as well as the specific type of 

connecting bars (Chan et al., 1998; Henry, 1998; 2002; Sadowsky, 2007), with or without 

cantilever extensions (Mericske-Stern, 2003; Preiskel, 1996). 

 

For soldered Type IV gold alloy bars, non-oxidising gold alloy cylinders are placed onto the 

abutments or implants and connected by soldering using soldering or brazing materials (The 

Academy of Prosthodontics, 2005; Waddell et al., 2007). For cast or milled bars, a burnout 

pattern of the complete bar attachment system that has been fabricated to incorporate the cast-

on non-oxidising gold cylinder is invested. This is then cast in a Type IV gold alloy as a one-

piece casting. This is either trimmed or milled to receive the other components of the 

attachment system that is incorporated into the intaglio surface of overdenture (Eckert and 

Carr, 2004). The fracture or failure of overdenture bars (the patrices) in the interconnected 

sections themselves occurs far less frequently than that of the matrices in the intaglio surface 

of the overdentures (Goodacre et al., 1999; Preiskel, 1996). Previous review of the literature 

has concluded that the authors do not comment on the nature, site or aetiology of failure 

(Waddell et al., 2006). 

 

Goodacre and colleagues (1999) reviewed the literature and reported that there were 

essentially 6 hypothesised causes for metal framework fractures, including overdenture bars. 

They were inadequate metal thickness, poor solder joints, excessive cantilever length, alloys 
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with inadequate strength, patients’ parafunctional habits and improper framework design. 

Some of these specifically relate to overdenture bars, as opposed to frameworks for fixed 

implant bridges. As a result there is a need for more reports on both the laboratory-based and 

clinical factors that could be related to the aetiology of soldered or cast bar fractures or 

failure. Evidence with an evaluation of simple laboratory failure modes for distal cantilevers 

has shown that in soldered joints used for overdenture bars, cracking is initiated in the solder 

due to fatigue. This is regardless of the type of soldering material. The joints have relatively 

low yield stresses and are prone to plastic deformation under maximum occlusal forces 

(Waddell et al., 2007). 

 

From a biomaterials aspect, the hypothesised causes for the fracture of overdenture bars can 

be related to a long tradition of engineering analysis of biomechanics of failure in welded and 

soldered joints.  These use optical and scanning electron fractography to analyse crack 

initiation and propagation of failed structures that have been subjected to cyclic multi-axial 

loading (Callister, 2007; Le May, 2003; Reis et al., 2006; Shipley and Becker, 2003; Tanzer, 

2003a). This methodology has to date had limited application to similar situations in dentistry 

(Al Jabbari et al., 2008; Huang et al., 2005; Waddell et al., 2007; Wictorin and Fredriksson, 

1976; Wiskott et al., 1997). An established method of the determination and classification of 

metallic fracture lists 2 modes of failure; progressive failure (subdivided into fatigue, 

corrosion, wear and creep), and instantaneous failure (subdivided into ductile overload and 

brittle overload) (Tanzer, 2003a). This approach enables the identification of the cause, nature 

and location of the failure, which in turn leads to a more valid solution and avoidance of the 

problem in the future. This raises the question of the inevitable relationship between the 

application of engineering fatigue crack analysis in the failure of overdenture bars. As a result 

there is a need to consider engineering methods and scanning electron microscopy (SEM) to 

assess the causes of possible mode of failure or to identify evidence of potential failure in the 

future of overdenture bars.  

 

The aim of this study was to investigate the failure process using SEM analyses of 6 failed 

soldered bars, 4 intact soldered bars and 1 intact cast milled bar removed from patients who 

had been wearing either maxillary or mandibular implant overdentures for up to 5 years.  
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2.2 Materials	  and	  Methods	  

2.2.1 Patient	  sample	  	  
These were selected with inclusion criteria being that they were failed or intact overdenture 

bars connected to 2-5 implants removed from patients with one or both edentulous jaws 

(males and females aged 55-80) (between June 2002 and June 2007) for either prosthodontic 

repair or routine clinical research measurements. The overdenture bars examined were to have 

been in clinical function supporting either mandibular or maxillary overdentures as part of bar 

attachment systems for a period of at least one year. Exclusion criteria were related to the 

components being any other type of implant overdenture attachment system.  Local ethical 

approval from the Lower South Island Ethics Committee, New Zealand had been obtained 

previously for any patients in ongoing randomised controlled clinical trials. 
 

2.2.2 Overdenture	  bars	  
A total of 11 overdenture bars removed for SEM observations were from:  

- 7 participants included in randomised controlled clinical trials on implant overdentures 

in the Clinical Overdenture Research Project, Oral Implantology Research Group, Sir 

John Walsh Research Institute, School of Dentistry, University of Otago, Dunedin, 

New Zealand. These were bars supporting maxillary 3-implant overdentures, opposing 

mandibular 2-implant overdentures.   

- routine patients seeing graduate prosthodontic students in the Discipline of 

Prosthodontics, Department of Oral Rehabilitation, School of Dentistry, University of 

Otago, Dunedin, New Zealand for routine prosthodontic maintenance treatment. 

Informed consent was obtained in standard manner for these patients. These 

comprised of: 

• 2 patients with conventional complete maxillary dentures opposing mandibular 

bar overdentures on 2 or 3 implants with distal cantilever extensions. All bars 

that had distal cantilevers were of 10mm length from the centre of the distal 

gold cylinder (Preiskel, 1996). 

• 2 patients with maxillary bar overdentures on 4 or 5 implants with an opposing 

mandibular dentition. 

 

The total 11 overdenture bars were divided into 2 groups: 

1. those with failed bars (FB group : n=6): 
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These totalled 6 failed overdenture bars from 4 maxillary overdentures and 2 

mandibular overdentures worn by patients for up to 2 years prior to failure requiring 

prosthodontic maintenance and repair (Table 2.1).  The bars were either: 

• micro-U-shaped bars without distal extensions with corresponding matrices (old 

code DCA512 ; NobelBiocare, Goteborg, Sweden) or 

• mini-egg-shaped Dolder bars with and without distal extensions with 

corresponding matrices (048.411; 048.413 Institut Straumann AG, Basel, 

Switzerland) 

 
Table 2.1 Description of failed bar (FB) group 

	   Type	  of	  bar	  overdenture	  
Time	  to	  failure	  

(yrs)	  
Opposing	  arch	  

	  

Failure 1 

Mandibular implant overdenture on 2 implants with bilateral 
distal extension cantilevers.  
 
Failure occurred through the joint of one of the cantilever 
extensions. 

1 Complete maxillary 
denture 

Failure 2 

Maxillary implant overdenture on 3 implants.  
 
Failure occurred at the middle abutment of a connected bar 
between the3 implants. 

1 Mandibular 2-implant 
overdenture 

Failure 3 

Maxillary implant overdenture on 4 implants.  
 
Two separate bilateral bars, failure occurred on left side 
anterior abutment. 

1 Mandibular 5-implant 
fixed bridge 

Failure 4 
Maxillary implant overdenture on 3 implants.  
 
Failure occurred at distal abutment on the one side 

2 Mandibular 2-implant 
overdenture 

Failure 5 

Maxillary implant overdenture on 3 implants.  
 
Failure occurred at the middle abutment of a connected bar 
between the 3 implants. 

2 Mandibular 2-implant 
overdenture 

Failure 6 

Mandibular implant overdenture on 3 implants with bilateral 
distal extension cantilevers.  
 
Failure occurred through the solder joint and cylinder of the 
cantilever extension. 

2 Complete maxillary 
denture 

 

The bars were connecting implants at implant level; or to either standard abutments (Southern 

Implants Ltd South Africa) or multi-unit abutments (NobelBiocare, Goteborg, Sweden) were 

used with corresponding gold cylinders.  Typical clinical observations prior to the removal of 

the failed bars are shown in Figure 2.1. All the failed bars had been manufactured using 

soldered joints where type IV gold alloy bars were soldered to non-oxidising gold cylinders 

using a gold solder (Degunorm-Lot 700, Degudent, Germany) and a LPG gas / oxygen flame 

soldering technique.  
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Figure 2.1 Clinical presentation of some patients of failed bar group. (a) Failure occurred after 12 months 
(b) 24 months (c) 12 months. (d) missing right side distal cantilever extension. Failure occurred after 24 
months.  

 
2. and those with intact bars (IB group : n=5) 

A further 4 intact maxillary soldered bars and 1 cast Type IV gold milled bar worn for 

2-5 years prior to receiving other aspects of prosthodontic maintenance were examined 

(Table 2.2). 

 

The bars were  

• micro-U-shaped bars without distal extensions with corresponding matrices (old code 

DCA512; NobelBiocare, Sweden) connecting implants at implant level; or to either 

standard abutments (Southern Implants Ltd South Africa) or multi-unit abutments 

(NobelBiocare, Sweden) were used with corresponding gold cylinders. 

• The single gold milled bar had been connecting standard abutments and gold cylinders 

with cantilever extensions (NobelBiocare, Goteborg, Sweden) and accommodating a 

hybrid design including precision attachments as part of the attachment system.  

 
Table 2.2 Description of intact bar (IB) group. 

Specimen	  
number	  

Type	  of	  bar	  overdenture	  
Time	  to	  

examination	  (yrs)	  
Opposing	  arch	  	  

Intact bar 1 Maxillary implant overdenture on 3 implants.  2  Mandibular 2-implant 
overdenture 

Intact bar 2 Maxillary implant overdenture on 3 implants.  2  Mandibular 2-implant 
overdenture 

Intact bar 3 Maxillary implant overdenture on 3 implants.  2  Mandibular 2-implant 
overdenture  

Intact bar 4 Maxillary implant overdenture on 3 implants.  5  Mandibular 2-implant 
overdenture  

Intact bar 5 Maxillary implant overdenture on 5 implants.  5  Mandibular dentition 
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Examples of their clinical presentation are shown in Figure 2.2. All the intact soldered bars 

had been manufactured using the same method as the failed bars, however the Type IV gold 

milled bar had been made as a one-piece casting incorporating cast-on non-oxidising gold 

cylinders for attachment to the implant abutments. 

 

 
Figure 2.2 Clinical presentation of some patients of intact bar group. (a) Shows underside of maxillary 
overdenture bar attachment system using U-shaped gold Dolder bars soldered to non-oxidising gold 
cylinders and (b) clinical view of bar in the mouth. (c) Shows underside of maxillary overdenture bar 
attachment system using cast milled gold bars incorporating cast-on non-oxidising gold cylinders and (d) 
clinical view of bar in the mouth. 

 

2.2.3 Scanning	  electron	  microscopy	  	  
Examination of each of the overdenture bars in both groups was done under the scanning 

electron microscope (SEM - Cambridge Instruments S360, Cambridge Instruments, 

Cambridge, United Kingdom).  For the failed bar group (FB) the study identified the sites of 

failure, and used an established method to describe the aetiology of failure (Tanzer, 2003a). 

Five intact bars in the IB group were also subjected to SEM analysis using the same method 

to identify any signs of surface evidence of their impending failure in the future. 

 

 

2.3 Results	  
 

The SEM observations were classified into 2 modes of failure (Tanzer, 2003a), progressive 

failure subdivided into fatigue (Lund, 2003b), corrosion (Tanzer, 2003b), wear and creep, and 
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instantaneous failure subdivided into ductile overload and brittle overload (Becker, 2003; 

Lampman, 2003) (Table 2.3). 

 
Table 2.3 Summary of modes of failure 

	   	   Progressive	  failure	  mode	  observations	  
Instantaneous	  failure	  mode	  

observations	  

	  
Location	  of	  failure	  /	  

fracture	  
Corrosion	   Fatigue	   Wear	   Creep	   Ductile	  overload	  

Brittle	  
overload	  

Failure 1 
Failure through solder 
joint and abutment 
gold cylinder. 

Yes Yes 2.3.1.1 No	  2.3.1.2 Yes	   Yes Yes 

Failure 2 Failure through solder 
joint. Yes Unknown due to 

surface damage 2.3.1.3 No	  2.3.1.4 No	   Unknown due to 
surface damage Yes 

Failure 3 
Failure through solder 
joint and abutment 
gold cylinder. 

Yes Yes 2.3.1.5 No	  2.3.1.6 Yes	   Yes Yes 

Failure 4 
Failure through solder 
joint and abutment 
gold cylinder. 

Yes Yes 2.3.1.7 No	  2.3.1.8 Yes	   Yes Yes 

Failure 5 
Failure through solder 
joint and abutment 
gold cylinder. 

Yes Yes 2.3.1.9 No	  2.3.1.10 Yes	   Yes Yes 

Failure 6 
Failure through solder 
joint and abutment 
gold cylinder. 

Yes Yes 2.3.1.11 No	  2.3.1.12 Yes	   Yes Yes 

	  
Location	  of	  

progressive	  failure	  
mode	  

Corrosion	   Fatigue	   Wear	   Creep	   	   	  

Intact bar 
1 

Solder joint and 
abutment gold 
cylinder. 

Yes Yes 2.3.1.13 No	  2.3.1.14 Yes	     

Intact bar 
2 

Solder joint and 
abutment gold 
cylinder. 

Yes Yes 2.3.1.15 No	  2.3.1.16 Yes	     

Intact bar 
3 

Solder joint and 
abutment gold 
cylinder. 

Yes Yes 2.3.1.17 No	  2.3.1.18 Yes	     

Intact bar 
4 

Cast gold bar around 
implant abutments. Yes Yes 2.3.1.19 No	  2.3.1.20 Yes	     

Intact bar 
5 

Solder joint and 
abutment gold 
cylinder. 

Yes Yes 2.3.1.21 No	  2.3.1.22 Yes	     

 

Generally, in the FB group the location of the bar fractures occurred through the solder to the 

non-oxidising gold cylinders in all 6 failures.  In addition there was fracture partly through the 

gold cylinders at the solder / cylinder interface in 5 of the 6 failures. The progressive mode of 

failure (subdivided into corrosion, fatigue and creep) was observed in all the failures, except 

for one where damage prevented its observation. The instantaneous mode of failure 

(subdivided into ductile and brittle overload) occurred in all the failures except in one where 

damage also prevented its’ observation. However, in the IB group various stages of a 
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progressive mode of failure, corrosion, fatigue and creep were also observed in all the 

overdenture bars. Several of the non-oxidising gold cylinders, on both the failed and intact 

bars showed evidence of crevice corrosion on the fitting edge where the cylinder made 

contact with the abutment or implant head. In one instance the degree of internal crevice 

corrosion inside the cylinder was extensive. Wear of the bars (damage from insertion of the 

denture by the matrices or wear on the bars from the matrices during cyclic loading from 

mastication), as distinct from minor scratch marks, was not observed on any of the failed or 

intact bars. 

 

2.3.1 Failed	  bar	  group	  	  	  
For failure 1, corrosion was observed through the solder on the superior and lateral sides, with 

evidence of porosity defects in the solder (Figure 2.3).  

 

 
Figure 2.3 (a) Overview of fracture surface of the cantilever bar (Failure 1. Table 2.1). The upper portion 
shows that the crack had extended through the solder whereas in the lower half a smooth fracture at the 
solder-cylinder interface has occurred. (b) higher magnification of the surface features from which the 
crack appeared to initiate. These show regions of porosity along with corrosion of the grain boundary 
phase of the solder. (c) higher magnification of the crack extension through the solder appears to show 
fatigue striations running across the face of the break surface and cleavage type cracks branching in 
different directions. There is also the appearance of grain distortion. (d) creep and buckling of the solder 
in the zone of compression at the base of the solder joint. (e) fracture surface of the smooth lower portion 
of the failure showing fine grained inter-granular fracture within the outer surface of the gold cylinder 
and not through the solder. This was evidenced by the colour of the surface being grey, the same as the 
cylinder surface and not yellow as in the solder-solder fracture surfaces. 

 



 20 

In the lower half of the overdenture bar, a smooth fracture at the solder-cylinder interface had 

occurred (Figure 2.3a). The point of initiation appeared to be from the defects (porosity) in 

the solder (Figure 2.3b). Across the top third of the failure surface, the area in tension and 

torque, there was evidence of cleavage type cracks with branching in different directions. 

There was also evidence of grain distortion that indicates a ductile overload (Figure 2.3c), and 

of buckling and creep on the underside of the solder joint in the zone of compression (Figure 

2.3d). There was evidence of brittle overload shown by the inter-granular fracture that had 

taken place within the surface layer of the cylinder (cylinder / cylinder break) across the lower 

third of the cylinder where the solder had been joined to the cylinder. No distortion was 

evident (Figure 2.3e). 

 

For failure 2, corrosion was observed on the superior and lateral sides of the solder and also 

on the surfaces of the non-oxidising cylinder in the areas adjacent to where the solder had 

flowed onto the cylinder. There was no corrosion on the two distal abutments. There was no 

evidence of creep deformation on the underside of the solder joint. Between areas of damage 

caused by rubbing, evidence of inter-granular fracture, which had taken place within the 

solder (solder / solder break), was identified.  

 

For failure 3, the centre third of the joint, extending from below the top area of the joint down 

to the base, was devoid of solder, having large porosity defects, and even showed the bur 

marks from the manufacturing phase on the cylinder surface and shiny gold coloured solder 

on the adjacent surface (Figure 2.4a, 2.4b). Fatigue striations were present on the solder in the 

left top quarter of the joint and buckling induced deformation was present at the base of the 

solder in the zone of compression. There was inter-granular brittle fracture extending within 

the cylinder where the crack has moved from the solder into the cylinder (Figure 2.4c). 

Corrosion was observed on the superior and lateral sides of the solder and on the top and side 

surfaces of the non-oxidising gold cylinder (Figure 2.4d).  
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Figure 2.4 (a & b) An over view of the centre third of the joint where no solder flowed over the non-
oxidising gold cylinder surface during the manufacturing process. (c) a top view of the non-oxidising gold 
cylinder showing where the crack has extended into the cylinder. Missing area indicated by the dotted 
lines. (d) shows pitted top edge surface of non-oxidising gold cylinder resulting from corrosion. 

 

For failure 4, corrosion was also present on the lateral and superior sides of the solder and on 

the lower portion of the cylinder. Early stages of corrosion and cracking were detected at the 

opposite ends of the bar in the solder and non-oxidising gold cylinder. The central area of the 

fracture occurred through the cylinder with evidence of a brittle grey coloured inter-granular 

fracture within the cylinder at the solder / cylinder interface (Figure 2.5a & 2.5b). There were 

corrosion fatigue and trans-granular fatigue striations on the top third of the solder near the 

top of the cylinder. The middle area of the solder break surface showed cleavage type cracks 

with branching in different directions (Figure 2.5c). The lower portion of the solder shows 

evidence of buckling, as well as cracking where it joined the gold cylinder (Figure 2.5d).  

 



 22 

 
Figure 2.5 An overview of the fracture surface that has predominantly occurred through the cylinder at 
the solder / cylinder interface. This is evidenced by the grey coloured fine grained inter-granular fracture 
that occurs with brittle overload (a & b). The fracture surface through the solder highlighted in (c) shows 
evidence of cleavage type cracks with branching in different directions. The lower portion of the solder 
highlighted by (d) shows buckling and cracking where the solder joins the gold cylinder. Note the 
corrosion on the cylinder and solder outer surface. 

 

For failure 5, corrosion was present on the lateral and superior sides of the solder. There were 

corrosion fatigue and trans-granular fatigue striations on the first third of the labial side of the 

break surface with buckling on the opposite palatal side on the solder surface. The middle 

area showed evidence of cleavage type cracks with branching in different directions. The 

palatal third showed brittle inter-granular fracture within the cylinder at the solder / cylinder 

interface.  

 

For failure 6, in addition to the usual corrosion and porosity defects, trans-granular fatigue 

striations (Figure 2.6a & 2.6b) were observed on the right hand side of the fracture surfaces, 

which may indicate the initial zone of failure. The crack plane passed through the solder and 

into the cylinder resulting in the wall of the cylinder breaking out and remaining attached to 

the solder and bar (Figure 2.6c). There was creep and buckling around the solder / cylinder 

junction on the sides of the cylinder. There appeared to be irregular trans-granular fracture 

branching in different directions indicating ductile overload. Inter-granular fracture indicating 

brittle overload was apparent on the floor of the failed cylinder and the remainder of the failed 

cylinder wall. There was corrosion and early stages of progressive failure modes on the other 

intact abutment solder joints or abutment gold cylinders at the distal cantilever extension. 
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Figure 2.6 Fracture that has resulted in the cylinder wall breaking out and remaining attached to the 
solder and bar that was a distal extension cantilever of the overdenture bar. (a & b) shows an area of 
trans-granular fatigue striations that may indicate the zone in which the crack initiated. (c) shows the 
inner cylinder wall still attached to the solder and bar. 

 

2.3.2 Intact	  bar	  group	  
All the intact bars showed evidence of varying degrees of progressive failure modes, namely 

corrosion, fatigue and creep at least at one of the abutments in the area of the solder joint and / 

or the non-oxidising gold cylinder.  As in the failed bar group, there were no signs of 

progressive failure between the Type IV gold bar and the gold solder. The start of a crack on 

the underside of the solder joint at the solder / cylinder junction was seen in one of the IB 

group when examined at the 5-year recall (Figure 2.7a & 2.7b).  
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Figure 2.7 (a & b) shows the start of a crack system on the mucosa side of the solder joint at the solder / 
cylinder junction. (c & d) shows corrosion on the side of the cylinder adjacent to the solder joint, which 
also was showing signs of corrosion. 

 

There were limited signs of corrosion on the bar indicating that the process was 

predominantly being driven by mechanical stresses.  In another patient in the IB group when 

examined at the 2-year recall, extensive corrosion was seen to be taking place on the side of 

the non-oxidising gold cylinder adjacent to the solder joint (Figure 2.7c & 2.7d). Evidence of 

stress corrosion cracking along with buckling and creep was seen on the underside of the cast 

gold milled bar adjacent to the junction of the cast-on non-oxidising gold cylinder for another 

patient when examined at the 5-year recall (Figure 2.8a & 2.8b).  
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Figure 2.8 (a & b) shows stress corrosion cracking along with buckling and creep on the mucosa side of 
the cast gold milled bar adjacent to the junction of the cast-on non-oxidising gold cylinder (taken at 5 
years). (c) crevice corrosion on the edge of the fitting surface of the non-oxidising gold cylinder where it 
seats onto the abutment  or implant. The mucosa side of the solder also shows evidence of corrosion. (d) 
extensive internal crevice corrosion. 

 

Similar evidence was detected on the underside (in contact with the mucosa) of the cast gold 

milled bar around the other 4 cast-on non-oxidising gold cylinders. There was no evidence of 

progressive failure modes on the top side of the bar which was in contact with the denture and 

had easy access for cleaning. Figure 2.8c showed crevice corrosion on the edge of the fitting 

surface of the non-oxidising gold cylinder where it connected onto the abutment or implant 

head when examined at the 2-year recall. The underside of the solder also showed evidence of 

corrosion. There was extensive internal crevice corrosion undermining the internal structure 

of the cylinder (Figure 2.8d), as well as evidence of crevice corrosion on the outer edge of the 

fitting surface.  

 

 

2.4 Discussion	  
 

The aim of this research was to investigate the failure process using SEM analyses of soldered 

bars, as well as looking at a single cast milled bar removed from 11 patients who had been 

wearing either implant overdentures for up to 5 years.  This research shows that there is a 

corrosion process, when these types of bars are in the mouth.  The study does, however, 
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acknowledge the limitations of this case series related to its limited sample size, numbers of 

implants supporting the bars and the nature of the opposing arches. However the metallic 

material used for the fabrication of the bars and the soldering materials were the same.  

 

With regard to the location of the bar failures, the majority failed through the solder and 

through the cylinder at the solder / cylinder interface. The cylinder / cylinder failure showed a 

brittle overload mode of failure. When one postulates the stress distribution through a typical 

bar attachment system supporting an implant overdenture, the solder joint areas of the 

interconnecting bars are the area of highest stress concentrations during cyclic loading of the 

overdenture through mastication or clenching (Waddell et al., 2007). This is especially true 

where distal extension cantilever bars are included in the design (den Dunnen et al., 1998; 

Mericske-Stern, 1997; Preiskel, 1996). The nature of the cylinder / cylinder failures at the 

solder / cylinder interface could indicate that a metallurgical reaction has taken place in this 

area during the soldering process. Wisckott et al. (1997) in their study on the mechanical and 

elemental characterisation of solder joints and welds found diffusion between the elements of 

the solder and the parent metal during soldering that had effected the strength of the joints. 

There may have been a similar effect between the solder with its’ base metal elements 

diffusing into the non-oxidising gold cylinder, which contained no base metal elements. This 

could be an attempt to achieve phase equilibrium between the various components of the 

solder and non-oxidising gold cylinder during a reaction at elevated soldering temperatures 

thereby creating a brittle layer.  

 

For the progressive failure modes identified in this research, corrosion has been shown to be a 

key part of the failure process.  This has been identified as an important factor in failure 

mechanisms by several authors who report that corrosion will reduce the strength and fatigue 

life of soldered joints (Darvell, 2002; Waddell et al., 2007). The effects of cyclic loading from 

mastication can also increase the rate of corrosion, referred to as corrosion fatigue. The 

process of clenching and swallowing can reduce the load application frequency leading to 

longer periods during which the opened crack is in contact with saliva and thereby a reduction 

in fatigue life (Callister, 2003; Tanzer, 2003b). The potential for corrosion would have also 

been increased by the combination of dissimilar alloys present in the area of the solder joints. 

This has been reported by other studies and the presence of the lower gold content gold solder 

being sited near the fitting margins of the cylinders may have increased the potential for this 

to occur (Al-Ali et al., 2005; Guindy et al., 2004; Lemons et al., 1992). The other intact joints 

on the same failed bars often showed no corrosion, despite they’re having similar stress 
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concentrations around the joints.  A possible explanation could be that the corrosion process 

was an isolated galvanic condition for the failed solder joints in relation to the unique pH 

level of the saliva in the area around the abutment. A study by Bayramoglu et al. (2000) 

showed the effects of various pH levels on the corrosion of dental alloys, noting the inclusion 

of copper and tin in the alloy increased the rate of corrosion.  

 

The SEM observations also showed that poor solder joints were not the primary cause of 

failure of overdenture bars, as has been previously reported (Goodacre et al., 1999). As the 

overdentures has always been seen as a force transfer system, recognized authorities in the 

field advise that loads applied from the removable prosthesis to the bar will, in turn, be 

transmitted to the solder joint (Preiskel, 1996). A study by Jemt (1996) showed that 

prostheses routinely connected to oral implants could demonstrate distortion between the 

framework and individual implants of up to several hundred microns. This residual stress in a 

bar attachment system after it has been torqued down, in combination with a galvanic couple, 

has been suggested as a cause of stress corrosion (Tanzer, 2003b). The nature of the loading 

conditions around the solder joint areas would be cyclic and multi-directional (Wiskott et al., 

1995), a combination of tension, compression, bending and torsion due the various directions 

for the transfer of the load from the mastication process.  According to Fontijn-Tekamp et al. 

(1998) maximum loads on a mandibular implant overdenture can range from 160N in the 

anterior region to just over 300N in the posterior region. A study by van Kampen et al. (2002) 

also showed that the mean maximum bite force recorded on bar attachment systems was as 

much as 300N. These cyclic forces when combined with the damage mechanisms of corroded 

surfaces on the solder and porosity defects within the solder were probably enough to nucleate 

cracks at the surface of the solder and once this had propagated into the solder, the 

progressive failure mode of corrosion fatigue had commenced (van Kampen et al., 2002). 

According to Lund (2003a; 2003b), this initiation process may occupy a significant portion of 

the overall time of the fatigue process and this could account for the superficial evidence of 

fatigue, in the form of small  microcracks, identified on all the non-failed bar attachment 

systems. Wear also does not appear to be a factor in the failure process. Creep in the form of 

buckling (Becker, 2003; Waddell et al., 2007), which was common to all failure sites and 

non-failed bars, was evident on the solder, in the areas of compression in terms of the 

direction of loading. This was probably due to the solder being more ductile than the bar or 

cylinder.  
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Instantaneous failure modes were observed on the fracture surfaces of the failed bars. Ductile 

overload (Becker, 2003) was observed predominantly in the solder. This is probably due to 

the solder having a lower modulus than the cylinder at time of failure. There was evidence of 

ductile overload where the failed part of the cylinder pulled away from the main part. 

However, where the solder, at the solder / cylinder interface, had pulled away from the 

cylinder, this showed evidence of brittle overload through the cylinder. Brittle overload 

(Becker, 2003) was observed in the FB group predominantly in the cylinders at the solder / 

cylinder interface. This type of failure was confined to the edge of the cylinder where the 

solder had wet the surface. It would appear that a metallurgical reaction, similar to that 

reported by Wiskott et al. (1997), has taken place in the cylinder edge that results in a thin 

brittle layer. Further research will be required to explain this observation. 

 

The findings also relate principally mini-gold bars in Type IV gold alloy that were egg-shaped 

(Straumann 048.411, Dolder bar mini -height 2.30mm); or U-shaped in cross-section (old 

code DCA512 micro-U-shaped; NobelBiocare, Goteborg, Sweden). It could therefore be 

argued that the findings are therefore not applicable to thicker overdenture bars, which are 

often used where there is sufficient inter-arch space due to residual ridge resorption. This 

relates overdenture bars to those have been also withdrawn form catalogues by some 

manufacturers (old code DCA 514 macro U-shaped bars, NobelBiocare, Goteborg, Sweden); 

as well as those still available from others (Straumann 048.412, Dolder bar regular height 

3.00mm). Titanium bars for laser welding are also currently available as another option for 

overdenture bars (Straumann 048.466, 048.465). However, it should be noted that Wiskott 

(1997) also found that, although laser welded joints were stronger than soldered joints when 

tested in tension, on the basis of fatigue resistance of the joints, there was no difference in 

strength between infrared solder joints, laser welds, torch or furnace soldered joints. Casting 

the bar in one piece can reduce this problem. However, although we only had the one cast 

milled bar, it still showed evidence of the start of a progressive failure mode after 5 years of 

service.   

 

2.5 Conclusions	  
 

A case series of SEM observations on both fractured and intact soldered maxillary and 

mandibular overdenture bars has been presented. Findings revealed stress corrosion followed 

by corrosion fatigue being key factors in the onset of the failure process.  Although of clinical 
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relevance, the conclusions should not be given excessive merit in view of the variation of 

parameters within the limited sample size.  
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3 Fatigue	  Failures	  of	  Bar-‐attachment	  Soldered	  Joints	  for	  Implant	  
Overdentures	  
 

 

3.1 Introduction	  
 

Despite the advances in modern dentistry, restorative options of cases with extensive or 

complete loss of teeth are usually restricted to removable complete dentures. Besides 

improving the aesthetics and phonetics of the patient, dentures are mandatory for a person to 

masticate; otherwise the nutritional intake is severely restricted and can result in a series of 

general health complications long term. However, even with dentures, the ability to deliver an 

efficient mastication is restricted and furthermore this decreases with time as the supporting 

maxillary and mandibular bone recede due to the reduced biomechanical stimulation 

(Atwood, 2001; Zarb et al., 2003). Implant-supported dentures improve the biomechanical 

integration of the dentures by providing them with a better retention and also increase the 

biting force by partially relieving the gingivo-mucosal support of occlusal loads. A typical 

implant supported structure onto which the denture is attached is shown in Figure 3.1. 

 

 
Figure 3.1 Typical example of the implant supported soldered bar structure in the patients mouth (a) and 
corresponding under surface of the denture illustrating the bar clip attachments (b). 
 

Implant overdentures usually consist of several titanium dental implants placed inside the 

bone on which supra-gingival abutments made of the same metal are attached. On top of the 

abutments noble alloy cylinders (Au-Pt-Pd) are screwed and then connected by soldering 

noble alloy bars (Au-Pd-Cu-Zn) between them (Figure 3.2).  
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Figure 3.2 Clinical example of patient treated with implant overdentures: (a) maxillary denture in the 
mouth; (b) the maxillary bar attachment framework attached to the implant abutments without the 
denture; (c) the fitting surface of the maxillary denture with gold clips for attachment to the bars and (d) 
panoramic x-ray showing the maxillary and mandibular implants, abutments and attachment systems. 
 

The soldering materials are also noble alloy but with a lower melting temperature than the 

alloy used for the cylinders and bars. Soldering is carried out using either a gas/oxygen flame 

or in a pre-heated furnace in which the components are inserted. A number of factors 

influence the quality and strength of bar-joint and bar-attachments overdentures. The 

recommended technical manufacturing steps as outlined by the supplier (Straumann), 

involves the soldering of a type IV gold bar-attachment or bar-joint to a non-oxidising gold 

cylinder using a gold soldering material with a melting point below that of the bar. This 

procedure is technique sensitive and the quality of the soldered joint and its strength is 

dependent on the technical skill of the dental technician and the surface area of the cross-

section of the bar where it is soldered to the cylinder if the “fillet” of soldering material 

surrounding the joint is trimmed back as is recommended by the instructions (Straumann). 

Similarly, Mericske-Stern (1996a) recommends that bar-attachments should be used for distal 

cantilever extensions due to their greater cross-sectional area than the bar-joint. From a 

mechanical perspective, the removal of the “fillet” around the soldered joints is anticipated to 

create a stress concentration point that can weaken the joint. The method of soldering depends 

on the choice of the technician and can vary from soldering in a porcelain furnace with or 
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without vacuum, to using a flame (propane/oxygen; propane/air; natural gas/oxygen; natural 

gas/air) as the heat source. 

 

The attachment of the denture base to the bars is still a controversial topic, with some authors 

supporting a rigid connection or bar attachment (Mericske-Stern, 1998a) while others 

recommend a resilient connection or bar joint (Naert et al., 1990). 

 

Clinical recommendations for maxillary implant overdentures suggest the use of a minimum 

of 4 implants connected by bars, with or without distal cantilever extensions, usually with a 

cast framework (Mericske-Stern, 1996a; Mericske-Stern et al., 2000; Zitzmann and 

Marinello, 2000). Use of short cantilever distal extensions of the bar attachments is reported 

to improve the stability of the overdenture (Mericske-Stern, 1996a).  

 

A common problem encountered in mandibular implant overdentures is their prosthodontic 

maintenance (Payne and Solomons, 2000) and despite several studies showing the occurrence 

of “bar fractures” (den Dunnen et al., 1998; Kiener et al., 2001; Payne and Solomons, 2000), 

the causes, nature and locations of such failures are not reported.  

 

A review of the properties of soldered joints, especially their fatigue behaviour, reveals 

relatively few studies with a wide range of failure stresses. Buston et al. (1993) and Press et 

al. (2001) report that the number of cycles to failure of soldering materials ranged from 104 to 

106 in a rotating bending jig at 241 MPa, whereas Wiskott et al. (1991) measured the fatigue 

failure stress (S-N curve) in tension to range from 30 to 70 MPa for similar soldered joints.  

The latter authors also pointed out the significant contributions to crack initiation of flux 

inclusions and soldering porosity. This was verified by Press et al. (2001), who also found 

that surface preparation prior to soldering was a contributory factor. Evidence of the 

contribution of fatigue to clinical failures was also reported by Waddell et al. (2010). 
 

Starting from this premise, this preliminary study investigates the fracture behaviour of 

fatigue-loaded cantilever bars and relates the results with clinically failed bar attachment 

systems. Although it consists of a limited number of clinical cases due to the ongoing 

investigation, a clear pattern of failure type and location can be identified.  The emphasis of 

this study is to compare clinical with simple laboratory failure modes for the soldered 

cantilever bar attachments that are attached to dental implants. 
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3.2 Materials	  And	  Method	  

3.2.1 Laboratory	  testing	  
Six SynOcta gold cylinders (ITI Strauman, Switzerland) were soldered to “Dolder” bars (ITI 

Strauman, Switzerland) of 12mm length and oval cross-section (3 by 2 mm). Three different 

soldering materials were used. Two were gold platinum type soldering alloys: Degunorm-Lot 

700 (Degussa, Germany, melting point 700oC) and Degulor-Lot 2 (Degussa, Germany, 

melting point 745oC) while the third was a gold palladium type soldering alloy: Stabilor-Lot 

710 (Degussa, Germany, melting point 710oC) (Table 3.1).  

 
Table 3.1 Materials used to manufacture the cantilever bars by constituents in mass %, melting range and 
manufacturer 

Material Elements in mass% Melting range 
in °C Manufacturer 

Gold cylinder Au 60 Pt 19 Pd 20 Ir 1 1400-1490 Straumann 

Dolder bar (Type 
IV) 

Au 68.6 Pt 2.4 Pd 4.0 Ag 11.8 Cu 10.6 Ir 0.1 
Zn 2.5 880-940 Cendres&Metaux SA 

Degulor-Lot 2 Au 73 Pt 1.9 Ag 10, Cu 3 Zn 12 Re 0 700-755 DeguDent 

Stabilor-Lot 710 Au 50 Pd 1.0 Ag 28.0 Cu 5.0 Zn 14 In 2.0 655-710 DeguDent 

Degunorm-Lot 700 Au 72.5 Pt 0.5 Ag 10 Ir 0.1 Cu 3 Zn 12 In 2 645-710 DeguDent 

 

Each type of soldering material was used to join two samples, one with a round (filleted) 

shaped design and the other with a straight (non-filleted) shape design (Figure 3.3). The bars 

were prepared by cutting them at 12mm. 
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Figure 3.3 Schematic of Type IV gold alloy cantilever bar soldered to Au-Pt-Pd alloy cylinder, a) with 
soldering fillet left intact, b) with soldering fillet removed and c) showing top view. Note that the face of 
the bar to the cylinder is parallel in the vertical plane but a flat face to the cylinder in the horizontal 
plane. 

 

The bar and the implant cylinder were positioned in a soldering jig and were separated by a 

0.2mm feeler gauge. Flux (Oxynon, DeguDent, Germany) was applied to the joint area and 

the soldering material laid onto the joint area in a U-shape. The soldering block was heated up 

with a gas-oxygen flame until the soldering material flowed into and around the joint (Figure 

3.4a).  

 

 
Figure 3.4 Pictures of soldering assembly after heating on the positioning jig (a), and experimental flexure 
setup in a universal testing machine (b). 

 



 35 

The joint was either trimmed to a straight or rounded shape and carefully polished using 

rubber wheels. The samples obtained in this way were then mounted in a universal testing 

machine (Instron Model 4301). Force was applied with 0.05mm/min loading speed at 9mm 

from the soldering joints (Figure 3.4b) until the onset of yield. The deflection of the bars was 

plotted in relation to the load applied. 

 

Furthermore, fatigue tests were conducted on the cantilever beams (n = 2 for each of the three 

soldering materials) using a simple cam activated force loading system that lowered a dead 

weight onto the cantilever beam at a distance of 9 mm from the soldered joint at a frequency 

of 1.2 Hz. A maximum force of 150N was cyclically applied to the specimens and the number 

of cycles to fracture was recorded. SEM observations were also made at 8000 and 16000 

cycles during the course of the tests to identify the onset and propagation of the fatigue crack 

extension. 

 

All the laboratory tests described above were conducted in air under standard conditions 

(20oC and 50% humidity).   

 

3.2.2 Clinical	  observation	  
In an ongoing five year controlled clinical trial of 40 edentulous participants (mean age 64 

yrs; range 55-76yrs) with existing mandibular two-implant overdentures, 20 were randomly 

allocated to having three maxillary implants splinted with bar units to support opposing 

maxillary overdentures (Payne et al., 2004). The prosthodontic maintenance was documented 

related to complications with the splinted bar units where matrix maintenance was required or 

where bar fractures occurred. The bar units were examined under SEM to identify sites and 

aetiology of existing or possible long-term failure. Potential sites of failure initiation were 

identified.  
 

 

3.3 Results	  

3.3.1 Laboratory	  testing	  
Typical plots of load-deflection curves of each sample with the loading point at the 9 mm 

point from the soldered joint for the Stabilor soldering material are shown in Figure 3.5.   
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Figure 3.5 Comparison of the load/deflection of a straight soldered joint with a rounded soldered joint 
using the same type of soldering material for both joints. 

 

In all instances the behaviour for loading at 9 mm from the soldered joint is initially elastic 

but at forces between 80 to 100N the onset of plastic deflection occurs as seen in Figure 3.5. 

Only slight differences were evident between the different specimens with more difference 

arising from whether the soldered joint was left in the form of a fillet / rounded shape or 

whether the fillet had been removed leaving a smooth sharp interface with the implant 

abutment.  The fillet containing specimens all exhibited the lowest forces for the onset of 

yield despite the stress concentration factor being lower because of the rounded form at the 

joint.  

 

All the cantilevered soldered joints exhibited a significant amount of plastic deformation as 

shown in Figure 3.5 with the tests usually terminating after approximately 2 mm of plastic 

deformation. The unloading curves shown in Figure 3.5 also indicate the permanent nature of 

the deformation.  

 

Of the six samples tested only one was observed to fracture at a force of 240N. SEM images 

of the fracture revealed that the soldering material used with this sample had not penetrated 

completely between the joint but only formed a rim at the surface as shown in Figure 3.6.   
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Figure 3.6 SEM image showing fracture of soldering material around the edge of the bar joint (a) and the 
failure of the soldering material to penetrate fully across the interface of the joint (b). 

 

Observations after flexure testing showed that the plastic deformation was predominantly 

occurring within the solder. A simple estimate of the stress (Table 3.2) at the onset of yielding 

may be had from the following expression, s = My/I, where M is the bending moment, y is 

half the bar thickness and I is the moment of inertia which is given by I = πba3/4, (with 2a = 

3mm and 2b= 2mm for the Dolder bars investigated) where a = the half width of an elliptical 

beam and b = the half depth of an elliptical beam of the joint design (Ashby, 1992). 

 
Table 3.2 Yield stress (MPa) for three soldering materials  

Soldering material Working 
temperature oC 

Straight joint Rounded joint 

  Py (N) Stress in (MPa) Py (N) Stress in (MPa) 

Degunorm Lot – 700 700 100 509 80 407 

Stabilor Lot-710 710 101 514 80 407 

Degulor Lot-2 745 163 815 130 662 
 

Fatigue results are limited but at the cyclic flexure loads of 150N (R=0), which is well above 

the yield loads seen in Figure 3.5, the specimens all failed between 20,000 and 30,000 cycles. 

There appeared to be no differences between the type of soldering materials used. 

Observations at various stages during a test are shown in Figure 3.7 before failure and Figure 

3.8 after failure.  
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Figure 3.7a SEM observations of a specimen at various stages of fatigue cycling prior to failure. After 
8000 cycles the crack ran across the top of the soldered joint (area in tension) at right angles to the length 
of the bar and it was observed to extend over the top third of the joint. 

 

 
Figure 3.7b SEM observations of a specimen at various stages of fatigue cycling prior to failure.  The 
underside of the specimen after 16000 cycles showed a combination of shearing and buckling of the 
soldered joint resulting from the cyclic compression experienced. 
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Figure 3.8a SEM of fracture surface showing fatigue growth zone A, a rapid growth zone B and a region 
that was torn apart after the test, zone C. cleavage-like striations across the grains within region A (D). 

 

 
Figure 3.8b SEM of fracture surface showing cleavage-like striations across the grains within region A 
(D). 

 

Figure 7a shows the area on top of the soldering material, which was in cyclic tension and the 

development of a crack, observed at 8000 cycles, which appears to follow the grain 

boundaries of the soldering material. Figure 3.7b shows the area of the soldering material on 

the compressive side of the bar at 16000 cycles, the specimen broke at 21000 cycles. The 
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compressive area is characterized by a combination of shearing/slipping of the grains over 

each other and buckling of the soldering material from the cyclic compression of the joint 

area.  

 

Observations of the resultant fatigue initiated fracture surface show that three typical regions 

were evident (Figures 3.8a & 3.8b).  The fatigue initiation zone marked A, a rapid growth 

zone B and a region that was torn apart after the test zone C so that the fracture surface could 

be visualized in the SEM.  High magnification of the initial growth region (A) shows 

cleavage-like striations across the grains (D). 

 

No cracks were observed in the gold bar or gold cylinders in any of the specimens, only in the 

gold soldering material. Where there was evidence of porosity from the soldering process or 

flux inclusion, these areas usually featured in the line of least resistance as the crack 

propagated through the soldering material. 

 

3.3.2 Clinical	  observations	  
Prosthodontic maintenance requirements throughout the first two years of the bar units 

revealed only 1 bar fracture in year one and 2 bar fractures in year two (Figure 3.9).  

 

 
Figure 3.9 Clinical image showing an example of a broken bar after two years in the mouth, in this 
instance the Dolder bar was soldered at both ends to implant abutments.  

 

A total of 3 fractured bars as well as 2 additional bars still intact revealed signs of corrosion 

fatigue. SEM evaluation of the site of the breaks showed corrosion in the soldering material 

and gold cylinder. In all the fractured bars, there was evidence of corrosion in the grain 
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boundaries of the soldering material joining the gold bar to the gold cylinders. This appears to 

have undermined the soldered joint leading to crack initiation and growth of the crack 

propagating due to fatigue cycling resulting in failure of the bars (Figure 3.10).  

 

 
Figure 3.10 SEM image showing second bar broken after two years in the mouth with extensive corrosion 
in the gold soldering material penetrating into the joint; the crack runs through the soldering material to 
the junction of the soldering material and gold cylinder (a). Photograph of broken soldered joint between 
a gold cylinder and bar showing a combination of cohesive failure of the solder and the cylinder (b). 

 

In the case of the two intact bars, evidence of corrosion in an advanced stage was observed on 

the soldered joints (Figure 3.11) and initial signs of cracking were seen in one of the bars. 

Examination of the other soldered joints on the same substructure showed that some areas had 

no sign of corrosion while others had similar levels of corrosion in the soldering material. 
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Figure 3.11 SEM image taken at 9 months showing extensive corrosion observed on the edge of the 
cylinder and on the soldering material 

 

3.4 Discussion	  
This study analysed the fracture behaviour of fatigue-loaded cantilever bars and compared the 

results with clinically failed cantilever bars. Extrapolation of the factors that can affect the 

quality and strength of soldered joints in fixed prosthodontic systems can be applied to these 

overdenture bar-attachment and bar-joint soldered joints (Table 3.3).  
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Table 3.3 List of some studies in the prosthodontic literature that identify factors that could reduce the 
strength of soldered joints. 

Author Title of Study Significance of Study 

Press et al, 2001 Effect of surface treatment on fatigue life of post-
ceramic soldered joints. 

The method and type of abrasive used to prepare 
the joint surfaces had an effect on the fatigue 

resistance and strength. 

Chaves et al, 
1998 

Effects of three soldering techniques on the 
strength of high-palladium alloy solder joints 

Significant differences in solder joint strength, 
dependent on soldering method, were reported.  

Vallittu, 1997 
Brazing joints of gold alloy used in porcelain-
fused-to-metal restorations and their resistance to 
deflection fatigue. 

Solder joints are more prone to fatigue fracture 
than cast metal frameworks with no solder 
joints. 

Wiskott et al, 
1997 

Mechanical and elemental characterization of 
solder joints and welds using a gold-palladium 
alloy. 

Diffusion of the filler metal into the parent metal 
weakens the joints. (In the opinion of the 
reviewer, this can be caused by too high a heat 
source or wrong choice of solder material). 

Cheng et al, 1994 
Investigation of stiffness and microstructure of 
joints soldered with gas-oxygen torch and 
infrared methods. 

Flame soldering can produce “heat affected 
zones” and levels of porosity that will weaken a 
solder joint. 

Butson et al, 
1993 

Fatigue Life Of Pre-ceramic Soldered And Post-
ceramic Soldered Joints. 

Soldering method had a significant effect on the 
fatigue resistance of the solder joint. 

Waddell, J.N., 
1993 

Post ceramic gold plating metal-ceramic base 
metal alloy solder joint surfaces. 

Incompatible solder type resulting in alloying 
between the semi-precious parent metal and 
gold solder had a detrimental effect on the 
tensile strength of semi-precious to base metal 
solder joints. 

Carlberg, & 
Wictorin, 1986 

Soldering of dental alloys under vacuum by IR-
heating. 

Voids in dental gold soldered connectors act as 
initiation points for cracks, which lead to fatigue 
fracture and decreased strength. Voids 
frequently can be linked to improper soldering 
technique such as use of flux, wrong type of 
solder, or gas-flame as a heat source. 

Monday, & 
Asgar, 1986 

Tensile strength comparison of pre-soldered and 
post-soldered joints. 

Torch soldering yielded significantly stronger 
joints than vacuum-oven soldering technique 
used. 

 

For a soldered joint to remain viable long term in the oral environment, it must be of 

sufficient strength and quality to resist fracture caused by flexural fatigue, support the 

masticating loads applied and resist tarnish and corrosion that, long-term, can weaken the 

joints (Anusavice and Phillips, 1996). Additionally the choice of soldering material in relation 

to the differing parent metals, such as in the case of a type IV gold bar-attachment soldered to 

a non-oxidising gold cylinder, can cause a weakened joint if there is alloying between the 

soldering material and one of the parent metals (Anusavice and Phillips, 1996; Waddell, 

1993). Therefore the choice of soldering material can be critical to the strength and fatigue 

resistance of the bar-joint and bar-attachment soldered joint. 

 

The laboratory tests showed that the plastic deformation of the cantilevered bars occurs at 

loads of about 80-100N when the load is placed 9mm form the soldered joint. It is known that 

the bite force of complete denture wearers is about 5-6 times less than the one delivered by 
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dentate subjects (Haraldson et al., 1979). Considering that the average bite force in dentate 

humans measured at molar level is about 500-800N (Cosme et al., 2005), a denture wearer 

patient will be able to generate forces close to those at which the yielding of the bars occur. 

On the other hand studies have shown that subjects with mandibular implant retained 

overdentures had significantly higher unilateral and bilateral maximum bite forces than 

complete-denture wearers (Fontijn-Tekamp et al., 1998). This difference is due to the 

minimal proprioception provided by the bone-supported implants, which lack the 

discriminatory range normally encountered in periodontal tissues in dentate subjects. This 

steep increase in biting force will result in potentially damaging forces applied on the bar 

attachment systems (Preiskel, 1996).  

 

An interesting aspect was noted regarding the design shape of the soldered joint. One would 

expect for the filleted / rounded finish to exhibit a better mechanical resistance, based on the 

design principles. Our results showed an opposite aspect with the sharp finish being more 

resistant. This is not necessarily contradictory and can be explained by the intrinsic 

metallurgical properties of the soldering alloy.  The more constrained nature of the thin, and 

perhaps reacted soldering material between the joints, will impart higher yield stress than for 

the soldering material that forms the fillet around the base of the joint.  

 

All clinically observed fractures, as well as the sites of crack initiation exhibited evidence of 

corrosion fatigue. This may well have arisen because of the difficulty of cleaning this area and 

therefore the likelihood that biofilm assisted fermentation of carbohydrates in this area would 

occur. The probable reason for the high stresses at the soldered joint areas is due to the 

occlusal masticatory forces being transferred via the clips which run the length of the bars 

focusing the stress on the joint area where it is attached to the gold cylinder, abutment and 

implant assembly. SEM evaluation of the failure sites showed corrosion in the soldering 

material and in some instances on the gold cylinder. The corrosion in the soldering material 

had penetrated into the soldered joint resulting in undermining of the joint to a point where 

cracking initiated. However, some other joints on the same substructure showed no sign of 

corrosion. This indicates that intra-oral failure of the soldered joints is mainly caused by 

corrosion fatigue, which in its turn is conditioned by uneven masticatory load transmission.  

According to Darvell (2002), “stress-corrosion cracking” results in greatly decreased service 

life, especially if cyclic loading is present. Our results showed that fatigue failure of the bars 

occurs in a corrosion-free environment at 20000 to 30000 cycles and at a lower loading than 

the one expected in vivo. A study by Palamara et al. (2001) estimated that 500 000 cycles is 
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equivalent to six months of normal masticatory function while studies by Peyron et al, (2004) 

have shown that the overall number of masticatory cycles increases with age. Therefore 

fatigue may play an important role in the aetiology of clinical failure of bar attachment 

systems, especially in combination with higher bite forces associated with implant 

overdentures. Future work is required especially to understand both the stresses developed 

during loading of the soldered joint and the metallurgical aspect of the soldering alloy and its 

reactions with the adjacent materials.  Also, the impact of heat treatment upon material 

properties and the influence of each of the soldering techniques, flame or furnace, should be 

further investigated.  Another area requiring investigation is the role of corrosion and whether 

there is a corrosive couple involved to assist with fatigue initiation/growth.  This information 

along with further fatigue studies in the laboratory will assist with the development of a 

fracture mechanics model to predict and ensure satisfactory lifetimes of such soldered joints. 

 

 

3.5 Conclusions	  
 

Soldered joints used with bar attachment systems in dental implants for overdentures have 

relatively low yield forces. Laboratory results showed that distal cantilever bars are prone to 

plastic deformation under biting forces similar to those developed in vivo.  

 

Also, it is shown that the yield stress depends on the soldering alloy type and that the gold-

platinum alloy (Degulor Lot-2) provided the highest resistance to deformation.  

 

Corrosion fatigue in conjunction with masticatory cyclic loading appears to be the primary 

factor in the etiology of observed clinical failure.  
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4 The	  influence	  of	  flame	  and	  furnace	  soldering	  method	  on	  the	  
stress	  corrosion,	  fatigue	  resistance	  and	  fracture	  toughness	  of	  
soldered	  bar	  attachment	  systems	  for	  implant	  overdentures	  
 

 

4.1 Introduction	  
 

Use of overdentures supported by splinted oral implants incorporating a bar attachment 

system is well established (Batenburg et al., 1998). Gold alloy bar attachment systems can be 

fabricated using a soldering technique (Mericske-Stern, 1998b; 2003; Mericske-Stern et al., 

2000) or cast with milled designs (Davodi et al., 1997; Eckert and Carr, 2004; Lothigius et 

al., 1991; Tipton, 2002; Zitzmann and Marinello, 2002). However, a common problem 

encountered in implant overdentures incorporating a bar attachment system is their 

prosthodontic maintenance (Behr et al., 1998; den Dunnen et al., 1998; Johns et al., 1992; 

Kiener et al., 2001; Payne and Solomons, 2000; Sadowsky, 2007; Schmitt and Zarb, 1998; 

Waddell et al., 2006; Watson et al., 1997), which has been well documented (Attard and 

Zarb, 2004; den Dunnen et al., 1998; Goodacre et al., 1999; Jemt et al., 1992; Kiener et al., 

2001; Payne and Solomons, 2000; Stoker et al., 2007; Visser et al., 2006; Waddell et al., 

2010; Watson et al., 1997; Widbom et al., 2005).  Maintenance is mostly focused on matrices 

of the attachment systems, rather than patrices. Patrix maintenance and hence the fracture or 

failure of interconnected bars occurs less frequently. A previous review of prosthodontic 

maintenance from clinical studies identified reported failures and fractures of soldered bars in 

bar attachment systems, but generally the aetiology of failure is unknown (Waddell et al., 

2006). Contrasts are seen between small numbers of bar fractures over 3-5 years (Jemt et al., 

1992; MacEntee et al., 2005; Watson et al., 1997) and variable incidences up to 10-15 years 

(Attard and Zarb, 2004; Meijer et al., 2003; Naert et al., 2004; Visser et al., 2006). A notably 

high incidence of replacement bars occured in 50% of patients after a 10-year follow-up 

(Meijer et al., 2003). In addition, there is evidence of routine fracture of distal cantilever 

extensions of overdenture bars usually of a length 10mm or longer from the centre of the 

implant (den Dunnen et al., 1998; Grossmann and Pasciuta, 2007; Kiener et al., 2001; Masri 

and Driscoll, 2004). Despite several studies of so-called ‘‘bar fractures’’, the causes have not 

been well documented. In 1999, Goodacre and colleagues (1999) reviewed the literature and 

reported that there were essentially 6 hypothesised causes for metal framework fractures, 
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including overdenture bars. These included inadequate metal thickness, poor solder joints, 

excessive cantilever length, alloys with inadequate strength, patients’ parafunctional habits 

and improper framework design. Because some of these specifically relate to overdenture 

bars, as opposed to frameworks for fixed implant bridges, there is a need for more detailed 

reports related to the aetiology of failure.  

 

Evidence from an evaluation of simple laboratory failure modes for distal cantilevers has 

shown firstly, that in soldered joints used for overdenture bars, cracking was initiated in the 

solder due to fatigue, regardless of the type of soldering material used; and secondly, the 

results showed that the joints have relatively low yield stresses and were prone to plastic 

deformation under maximum occlusal forces (Waddell et al., 2007). This study also reported 

that corrosion fatigue, in conjunction with masticatory cyclic loading, appeared to be the 

primary factor in the etiology of observed clinical failures. According to Darvell (2002) 

‘‘stress-corrosion cracking’’ results in greatly decreased service life, especially if cyclic 

loading is present. A review of the properties of soldered joints, especially their fatigue 

behaviour, revealed relatively few studies with a wide range of failure stresses.  Buston et al. 

(1993) and Press et al. (2001) reported that the number of cycles to failure of soldering 

materials ranged from 104 to 106 in a rotating bending jig at 241 MPa, whereas Wiskott et al. 

(1991) measured the fatigue failure stress (S-N curve) in tension to range from 30 to 70 MPa 

for similar soldered joints.  The latter report also pointed out the significant contributions to 

crack initiation of flux inclusions and soldering porosity. This was verified by Press et al. 

(2001), who also found that surface preparation prior to soldering was a contributory factor. A 

recent study by Waddell et al. (2010) of an analysis of clinical failures of soldered bar 

attachment systems showed that corrosion, followed by corrosion fatigue appears to be a key 

factor in the onset of the failure process. 

 

Therefore, the purpose of this study was to establish the influence of a flame and furnace 

soldering method on the stress corrosion, fatigue resistance and fracture toughness of a Type 

IV gold alloy bar soldered to a non-oxidising gold cylinder using a gold solder. 
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4.2 Materials	  And	  Methods	  

4.2.1 Materials	  and	  Soldering	  Process	  
In this study three different types of gold alloys and one base metal alloy were used. A 

SynOcta non-oxidising gold cylinder (Straumann, Switzerland), with a melting range of 1400-

1490°C. A Type IV gold Dolder bar (Straumann, Switzerland) with an egg-shaped cross-

section, height of 3 mm, width of 2mm and a melting range of 880-940°C. A gold solder 

(Degunorm-Lot 700oC, Degudent, Germany) with a melting range of 645-710°C and a 

working temperature of 700°C. Base metal square bars were cast, 2.2mm x 2.2mm x 100mm 

in Wironit (Bego, Germany) alloy with a melting range of 1350 – 1320°C (Table 4.1).  

 
Table 4.1 Elemental composition of alloys by mass (%) 

 SynOcta gold coping Dolder bar Solder Wironit 

Au 60.0 68.6 72.5  

Pd 20.0 4.0   

Pt 19.0 2.5 0.5  

Ir 1.0    

Ag  11.8 10.0  

Cu  10.6 3.0  

Zn  2.5 12.0  

In   2.0  

Co    64 

Cr    28.65 

Mo    5 

Si    < 2 

Mn    < 2 

C    < 2 
 

4.2.2 Stress	  Corrosion	  Fatigue	  Test	  
The cost of materials under consideration limited the number of tests that were conducted. 

Four samples (n=1) were prepared for testing; two used a flame soldering technique [parts 

were invested in a soldering investment (Deguvest L, Degussa, Germany) soldered with a gas 

/ oxygen flame using a flux (Minoxyd, Bego, Germany)] and the other two used a furnace 

soldering technique [parts were invested in a soldering investment, fluxed and solder placed 

on the gap, soldered in a porcelain furnace (Austromat M, Dekema, Germany)].  The firing 

cycle used, consisted of a preheat for 9 minutes at 400oC followed by a heat soak for 3 
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minutes on entry to the furnace, temperature raised to 750oC at 55 oC / minute, held for 2 

minutes, and then exit from the firing chamber and allowed to cool to room temperature.  Two 

12mm Dolder bars were soldered to the non-oxidising gold cylinders using the methods 

described with a 0.2mm solder gap (Figure 4.1). One side was loaded and the other unloaded, 

used as a comparison. 

 

 
Figure 4.1 Schematic of fatigue cycling specimen showing two Dolder bars soldered to a non-oxidising gold cylinder 
using a gold solder. One side loaded and the opposite unloaded to be used as a base line reference. 

 

After soldering, excess solder was trimmed back and polished using rubber abrasive wheels 

(P1823, NTI GalacticGold, NTI, Germany). Prior to fatigue cyclic loading, the samples were 

examined under a scanning electron microscope (SEM) (Stereoscan 360, Cambridge 

Instruments) to provide base-line reference images. The samples were screwed to custom 

made hardened steal laboratory implant fixture replicas and torqued down to 35 Ncm using 

titanium screws (Straumann, Switzerland) as per manufacturers recommendations. The 

mounted specimens were fixed into a custom built cyclic loading machine, one flame and 

furnace soldered sample in a wet corrosive environment and one flame and furnace soldered 

sample in air. The wet samples were immersed in a corrosive solution prepared as per ISO 

10271:2001. A load of 5Kg (50N) at 1.3Hz was applied to the bar at 10mm from the centre of 

the solder joint (Figure 4.2b) up to 446310 cycles. Thereafter, the load was increased to 10Kg 

(100N) up to 502170 cycles when the test was stopped. The applied stress developed at the 

upper surface of the solder joint was calculated with the following equation (Callister, 2003),  
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where l = length of the beam from solder joint to point of loading, a = half the width of the 

beam and b = half the height of the beam. The bar had a height of 3mm and a width of 2mm. 

The applied stress was calculated for the load of 50N and 100N. After 57000, 98040, 141360, 

446310 and 502170 cycles, the samples were removed and examined under SEM to observe 

any changes in relation to the base line reference images.  

 

4.2.3 Fatigue	  Testing	  
Two samples (n = 6) were prepared for testing in a custom built soldering jig, one using a 

flame soldering technique and the other a furnace soldering technique as per the methods 

previously described. One 12mm Dolder bar was soldered to the non-oxidising gold cylinder 

using a 0.2mm solder gap (Figure 4.2a).  

 

 
Figure 4.2 a) Shows custom built soldering jig used to solder the non-oxidising gold cylinder to the Dolder 
bar using a gold solder after the soldering process has been completed. b) Shows specimen attached to 
detachable fatigue mounting loaded 10mm from the solder joint. 

 

The samples were prepared and torqued down as described above. The individual specimens 

were then attached to detachable custom built mounting jigs from the cyclic loading machine 

and pre-tested in a universal testing machine (Instron Model 3369, Instron, USA) (Figure 

4.2b) at a loading and unloading rate of 10N/sec to produce an initial force displacement 

curve measured with a force of 100N. This established a base line response prior to cyclic 

loading. The detachable mounting jigs were then inserted into the custom built cyclic loading 

machine. In this way, any compliance within the implant screw and attachment system to the 

jig would be taken up on the first pre-test on the universal testing machine and maintained 

throughout the subsequent removal of the jig from the cyclic loading machine and 

establishment of the load-displacement curves on the universal testing machine every 1000 

cycles. In order to establish the appropriate fatigue cycling load, below the elastic limit of the 

test specimens, one specimen from each sample, leaving n = 5 for the test, was loaded in the 
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universal testing machine 10mm from the solder joint at a rate of 70N / min until load could 

no longer be increased. The load-displacement curve of the furnace soldered specimen 

deviated from the linear relationship after a displacement of 0,5mm at a load of 175N, while 

the flame soldered specimen load-displacement curve deviated from the linear relationship 

after a displacement of 0.27mm at a load of 110N. Therefore a load of 10Kg (100N), which 

was below the lower yield point of 110N for the flame soldered specimen, was applied to the 

bar at 10mm from the bar / non-oxidising gold cylinder solder joint junction on the cyclic 

loading machine at 1.3Hz.  After every 1000 cycles the specimens, still attached to their jigs, 

were removed from the cyclic loading machine, positioned in the universal testing machine 

and loaded at 10N / second to 100N to produce a load displacement curve. The mean 

displacement and mJ values for the load / unload graphs was established by subtracting the 

calculated area under the lower curve from that of the upper curve using the Trapezoidal rule 

formula.  

 

4.2.4 Sectional	  SEM	  Analysis	  	  
The one broken furnace soldered specimen from the stress corrosion test and the one broken 

furnace soldered specimen from the fatigue test plus one non-failed flame and furnace 

soldered specimen from the fatigue test were embedded in clear resin (Castapress, Vertex, 

Holland), sectioned vertically along the sagital plane of the specimen (Accutom 50, Struers, 

Denmark) and polished (TegraPol21, Struers, Denmark) prior to SEM examination using the 

backscattered electron detector (Stereoscan 360, Cambridge Instruments, Germany ). 

 

4.2.5 Fracture	  Toughness	  Test	  
Eight rectangular wax bars 2.2mm x 2.2mm x 10mm were cast in a high modulus CrCo alloy 

(Table 4.1) using a high frequency induction casting machine (Fornax, Bego, Germany) 

according to manufacture’s recommendations. Two samples (n = 2) were prepared by 

soldering a slice of the non-oxidising gold cylinder between the two bars using a gold solder 

(Figure 4.3).  
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Figure 4.3 Schematic of a single-edge-notched-beam used for fracture toughness testing incorporating two 
CoCr bars, 2.2mm x 2.2mm x 100mm with a slice of non-oxidising gold cylinder soldered between the two 
bars with a gold solder. 

 

Two were soldered using a flame technique and two using the porcelain furnace technique as 

previously described. After soldering, the bars were ground and polished on all four sides to 

remove excess solder and create uniform dimensions on a rotary polishing machine (Knut 

Rotor, Struers, Denmark). The bars were notched at the junction of the solder and the cylinder 

to a depth of ~30% using a 0.2mm separating disk (NFL7000, NTI-Kahla GmbH, Germany). 

The notch was further refined, using a x10 magnification binocular microscope, by drawing 

the sharp edge of a new number 11 scalpel blade along the solder / cylinder junction to 

produce a single-edge-notched-beam specimen. The purpose of the CoCr bars was to provide 

a rigid lever arm extension to the area being tested – the solder / cylinder interface. The bars 

were then viewed in a SEM and the depth of the notch in relation to the overall dimensions 

was measured prior to loading on a 3-point bending jig supported 18mm apart in a universal 

testing machine at a cross head speed of 0.01mm / minute until failure occurred. A load / 

displacement curve was recorded and the fracture toughness, K1c, was calculated using the 

formula (Callister, 2003)  

 

K1c=[3FlY(a/h)/(4bh2)]√πa 

 

where F = applied load, l = supported length, Y(a/h) which is the geometry factor for an edge 

crack, b = breadth of the beam, h = height of the beam, and a = length of the notch. The 

fracture surfaces were examined using SEM to analyse the mode of failure. 
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4.3 Results	  

4.3.1 Stress	  Corrosion	  Fatigue	  Cycling	  in	  Wet	  Corrosive	  Environment	  
Base line SEM observations. The images of the furnace soldered samples showed more small 

surface porosity / defects at a magnification of x35 than the flame soldered samples.  

 

After 57000 cycles. The SEM images showed minimal differences for the dry samples, 

whereas the samples in the wet corrosive environment, independent of which solder method 

was used, showed further differences with more small porosity / defects than before the test.  

 

After 98040 cycles. The tensile loaded side of the flame-wet sample showed a slight increase 

in small porosities and defects while the furnace-wet sample showed definite increase in 

surface porosity on the side of the solder joint being tensile cyclically loaded. The loaded side 

of the flame-air sample showed no changes while the furnace-air sample showed the 

appearance of significant defects compared to the base line images and those taken at 57000 

cycles (Figure 4.4a).  

 

 
Figure 4.4 (a) Shows spallation type defects on the loaded side of the flame-air sample after 57000 cycles. 
(b) Shows crack on the loaded side of the furnace-dry sample after 141360 cycles. 

 

After 141360 cycles. The tensile side of the furnace-wet sample showed no increase in 

porosity / defects while the flame-wet sample showed the appearance of a small crack, 

1.18mm in length, running from pore to pore across the top surface of the solder. The loaded 

side of the furnace-dry sample showed cracks appearing on the surface of the solder (Figure 

4b). The porosity / defects observed at the base line stage before cyclic loading appeared 

deeper and more conspicuous. The crack was measured under a SEM with a length of 735µm. 

The loaded side of the flame-dry sample showed the appearance of two new defects and a 

crack running across the top of the solder of 124 µm.  
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After 446310 cycles. The SEM observations showed no new distinctive features on the surface 

of all samples and no increase of the crack length observed after 141360 cycles. Therefore the 

load in the cyclic loading machine was increased to 10Kg. The furnace-dry sample broke after 

one cycle.  

 

After 502170 cycles. The other three samples were cycled until 502170 cycles were reached 

and the test was stopped. The furnace-wet sample showed an increase in the length of the 

crack observed at 141360 cycles. The flame-wet and flame-air samples showed no increase in 

defects. The SEM observations showed no evidence of corrosion on the surfaces of the 

samples.  

 

4.3.2 Fatigue	  Testing	  
A comparison of the mean calculated mJ values after 10000 cycles showed the flame  

soldered sample at 1.68 mJ that was higher than the furnace soldered sample at 1.30 mJ. One 

furnace-soldered specimen broke after 6000 cycles. Observations of the external surfaces 

under a light microscope showed no cracks after 9000 cycles, however, cracks and defects on 

the surface of the solder joints was observed after 10000 cycles. A comparison of the mean 

displacement values from the pre-test (flame 0.19 mm, furnace 0.21 mm) to the 10000 cycles 

stage (flame 0.25 mm, furnace 0.25 mm) showed an increase in total displacement of 0.06 

mm for the flame soldered sample and 0.04 mm for the furnace soldered sample. 

 

4.3.3 SEM	  Backscatter	  Detection	  Observations	  	  
The furnace soldered specimens, both failed and non-failed, showed significantly more 

internal porosity in the solder than the flame soldered specimens.  In both the failed 

specimens, flame and furnace soldered, the cracks appeared to have initiated in the solder and 

migrated from pore to pore. Cracks that initiated in the solder, upon reaching the non-

oxidising gold cylinder / solder interface, whereupon they propagated down the face of the 

cylinder / solder interface just beneath the surface of the cylinder (Figure 4.5. Note 

highlighted regions a and b).  
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Figure 4.5 Shows an overview to the failed furnace soldered solder joint with two cracks that initiated on 
the top side of the specimen and the high level of porosity defects formed within the solder during the 
soldering process. (a) (highlighted zone) one within the solder running from defect to defect showing 
plastic flow and fatigue; and (b) (highlighted zone) the other, initiating in the solder and then changing 
direction and running down the solder / cylinder interface within a narrow metallic phase zone that has 
formed during the soldering process within the cylinder (Figure 4.6).  

 

High magnification observations of the polished cross-section (Figure 4.6) indicated the 

presence of a thin diffusion induced reaction layer, ~10µm thick, between the solder and the 

non-oxidising gold cylinder which appears to have formed during the soldering process.  
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Figure 4.6 (a) Shows an overview of the crack that initiated in the solder, upon reaching the non-oxidising 
gold cylinder / solder interface, then propagating down the face of the cylinder / solder interface within 
the surface of the cylinder. (b) Higher magnification of a narrow diffusion induced reaction layer within 
the surface of the non-oxidising gold cylinder, down which the crack has run, approximately 4 to 5µm 
thick, appears to have formed during the soldering process. Adjacent to this, a eutectic structure appears 
to have formed in the solder along the solder / cylinder interface 

 

A eutectic structure appears to have formed in the solder along the solder / cylinder interface 

and a ~4 to 5µm thick zone which appears as a slightly different gray shade within the non-

oxidising cylinder. The crack path clearly passed through this gray diffusion zone within the 

non-oxidising cylinder  (Figure 4.6). There was no evidence for such a reaction zone of the 

solder to gold Dolder bar interface.  

 

4.3.4 Fracture	  Toughness	  Test	  
The load displacement curves for all the flame and furnace soldered joint specimens were 

linear until the point of fracture indicating the brittle nature of the failure. The calculated K1c 

values were: Furnace one - 3 MPa √ m, Furnace two - 4.2 MPa √ m, Flame one – 3.8 MPa √ 

m and Flame two - 2.9 MPa √ m. The SEM analysis of all the fracture surfaces showed a 

typical brittle mode of failure as evidenced by the inter-granular fracture that occurred within 

the surface edge of the cylinder at the solder / cylinder interface (Becker, 2003) (Figure 4.7). 
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Figure 4.7 (a) Shows a SEM image example of the typical furnace soldered fracture surface that has 
occurred within the surface of the cylinder, ie a cylinder / cylinder break, with (b) close-up view of (a) 
showing evidence of inter-granular fracture indicative of a brittle failure mode. 

 

4.4 Discussion	  
Previous studies by Waddell et al. (2007; 2010) identified corrosion in conjunction with 

fatigue as being a factor in the failure of cyclic loaded solder joints in bar attachment systems 

and a brittle failure mode occurring within the non-oxidising cylinder at the solder / cylinder 

interface. This study has attempted to reproduce in vitro conditions that would produce 

corrosion on a cyclically loaded bar attachment system solder joint using two different 

soldering methods. The results showed that no corrosion occurred but failure mechanisms 

within the joint areas were identified. The next stage of the study was to fatigue cycle the bar 

attachment system solder joints and measure the loss of energy occurring within the joint area 

at a load just below the yield point. The failed joints from both the corrosion test and fatigue 

cycle test showed evidence of brittle failure mode within the cylinder at the solder / cylinder 

interface similar to that reported by Waddell et al. (2010). In order to help understand the 

failure parameters the study measured the K1c of the failure within this brittle layer that had 

occurred within the cylinder. Subsequent to this, the K1 of the cracks in the failed joints was 

calculated to provide insight to the stresses that may be driving the crack process. 
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4.4.1 Stress	  corrosion	  fatigue	  
The SEM observations of the bars fatigue cycled in the wet corrosive environment showed no 

evidence of corrosion on the surfaces of the specimens compared to the bars cycled in the dry 

environment. Previous studies by Al-Ali et al. (2005) and Lemons et al. (1992) demonstrated 

corrosion in an in vitro environment while reports by Guindy et al. (2004) and Waddell et al. 

(2010) showed the results of in vivo corrosion between dissimilar alloys in implants and their 

attached superstructures. The latter would appear to suggest the presence of a galvanic couple. 

However, after 57000 cycles, the SEM images showed the samples in the wet corrosive 

environment, independent of which solder method was used, had more small porosities / 

defects than before the test (Figure 4.4). This may possibly be accounted for in that during the 

polishing process, the porous / defect areas were covered by a ductile smear layer generated 

by using abrasive rubber wheels. After placing in the wet corrosive environment the smear 

layer was removed, which enabled the porosity / defects to be seen.  

 

4.4.2 Fatigue	  testing	  
The fatigue test (Figure 4.2) was carried out at a load of 100N, which was just below the pre-

established yield stress of the flame solder joint of 110N and below the yield stress for the 

furnace solder joint of 175N. One could expect to see the flame soldered sample having a 

higher yield strength due to the influence of the lower length of time the parts were subjected 

to heating and cooling on the grain structure of the solder. The furnace soldered joints spent 2 

minutes at the soldering temperature followed by a relatively slow exit from the porcelain 

furnace in terms of the time it takes for the firing table to exit the firing chamber and cool to 

room temperature. In contrast, the flame soldered joint spent a maximum of 10 seconds at 

soldering temperature (usually this is above the solder melting point due to the uncontrolled 

nature of the temperature being judged by eye) with an immediate removal of the heat source 

to cool rapidly to room temperature. This could have resulted in the furnace solder joint 

developing larger grain sizes with a consequent decrease in yield strength (Darvell, 2002). 

However, this was not evident from the results in terms of the yield strengths. A possible 

explanation for this result could be the development of a more ordered alloy structure within 

the furnace soldered joints facilitated by the slower cooling time (Darvell, 2002). Due to the 

wide scatter in the results of the mJ and displacement values, the author is hesitant to 

speculate on the failure mechanisms operating within the joints and further research is needed 

in this area. There does however appear to be a correlation between the lower initial yield 

strength of the flame soldered joint and the higher mJ values of the flame soldered sample 

compared to the higher yield strength and lower mJ values of the furnace soldered sample. 
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The fact that one of the furnace soldered specimens broke after 6000 cycles, showed that 

sufficient fatigue induced crack extension, possibly because of greater vol% of porosity being 

present, had taken place within the system to result in failure. Cross sectional micrographs of 

the failed specimens (Figure 4.5) showed that the solder joint areas contained numerous 

defects such as porosity inclusions within the joints, especially in the furnace soldered 

specimens, and that the cracks appeared to link from defect to defect within the solder. The 

size of the internal porosity defects were probably large enough to nucleate cracks within the 

solder (Ruse, 2008). The influence of porosity on the fatigue life of cast aluminium was 

reported by Wang et al. (2001) who found that casting defects have a detrimental effect on 

fatigue life by shortening not only fatigue crack propagation but also the initiation period. 

They also reported that the decrease in fatigue life was directly correlated to the increase in 

the size of the defect. It would appear that a similar situation occurred in this study. 

 

4.4.3 SEM	  Observations	  
The SEM observations of the failed joints showed that cracking appeared to initiate in the 

solder. This is probably due to the stress being greater in the solder and the yield stress of the 

solder being lower than the adjacent structures. This would imply that slight plastic flow 

initiated the crack in the solder. Eventually, a secondary crack initiated in the solder near the 

interface and where the extension of the crack reached the solder / cylinder interface, there 

was a rapid failure of the joint as the crack ran down within a narrow diffusion zone that was 

formed within the surface of the non-oxidising gold cylinder (Figure 4.5).  This narrow 

diffusion zone (Figure 4.6b) appeared to have formed during the soldering process and had 

the appearance of a brittle mode of failure (Becker, 2003). Wiskott et al. (1991) investigated 

the fatigue strength of gold solder joints in cantilever gold-palladium alloy bars at stresses 

ranging between 294.2 and 686.5 MPa. Their SEM observations reported that the fracture 

happened after fatigue crack growth occurred either inside of the solder or along the solder-

metal substrate interface or a mix of both. They also observed porosity on the fractured 

specimens and particles of flux, which may have been incorporated into the joint during 

melting of the solder. They also found that inhomogeneities, depending on their location, 

influenced either the initiation or the growth of the fatigue cracks and that the cracks followed 

the path of least resistance, changing planes during propagation and sometimes moving from 

inside of the solder mass to the substrate metal interface. Waddell et al. (2010) reported the 

observation of a brittle mode of failure within the non-oxidising gold cylinder at the solder / 

cylinder interface from failed clinical soldered bar attachment systems. It would appear that a 

metallurgical reaction, similar to that reported by Wiskott et al. (1997), had taken place in the 
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cylinder edge that resulted in a thin brittle layer. No similar metallic phases occurred at the 

solder / Dolder bar junction.  Further research will be required to explain how this zone 

occurs. In contrast to the straight brittle crack that ran down through the cylinder surface, the 

minor crack in the solder (Figure 5a) appeared to follow a more varied path zig-zagging from 

defect to defect. When the crack reached a large defect, its direction appeared to be arrested 

from which a new crack nucleated from a different part of the defect, to then travel in another 

direction. 

 

4.4.4 Fracture	  Toughness	  	  
The evidence of a brittle failure through the narrow diffusion zone within the surface of the 

non-oxidising gold cylinder at the solder / cylinder interface was similar to that reported by 

Waddell et al. (2010) and according to Ruse (2008), the stress concentration at the tip of a 

crack can lead to propagation of the crack under applied stresses which are significantly lower 

than the strength of the material. Therefore the study decided to investigate the K1c of this 

area of the solder joints. The resultant low values ranged from 4.2 MPa √ m to 2.9 MPa √ m 

and indicate the formation of a brittle layer within the metallic system. When one compares 

this to values for Titanium (Ti-6Al-4V) alloy (Wang et al., 2001) at 55 MPa √ m; Aluminium 

(2014-T3) alloy (Wang et al., 2001) at 44 MPa √ m; Yttrium stabilised Zirconia (Guazzato et 

al., 2004b) at 7.4 MPa √ m and In-ceram Alumina (Guazzato et al., 2004a) at 4.4 MPa √ m, it 

would appear that the soldering process has created a brittle diffusion zone with a K1c value 

similar to a hard dental ceramic. The SEM images of the surface morphology of the fracture 

surfaces (Figure 4.7) show a typical brittle failure mode (Becker, 2003) that coincides with 

the low K1c values. This finding prompted the calculation of the K1 values (Table 4.2) for the 

cracks that occurred in the two failed specimens.  
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Table 4.2 Stress intensity factor results of furnace soldered fatigue failure loaded at 100N and Furnace 
soldered stress corrosion failure loaded at 50N to up to 446310 cycles and 100N thereafter 

 
 

Furnace soldered 
fatigue failure 
loaded at 100N 

Furnace soldered stress corrosion failure loaded at 50N 
to up to 446310 cycles and 100N thereafter 

 Single Crack Major 
Crack 

Major Crack Minor 
Crack 

Minor 
Crack 

Stress level 565.88 MPa (100N 
load) 

282.98 MPa 
(50N load) 

565.94 MPa 
(100N load) 

282.98 MPa 
(50N load) 

565.88 MPa 
(100N load) 

Crack 
length 

0.2 mm 0.2 mm 0.2 mm 0.68 mm 0.68 mm 

Height of 
the area 

4.5 mm 4.1 mm 4.1 mm 3.1 mm 3.1 mm 

Correction 
factor 

1.07 1.07 1.07 1.87 0.22 

Stress 
intensity 
factor 

15.23 MPa  7.59 
MPa  

15.18 
MPa  

13.89 
MPa  

27.78 
MPa  

 

The length of the cracks of the broken furnace soldered specimen from the stress corrosion 

test and the broken furnace soldered specimen from the fatigue test was measured during the 

SEM examination.  

 

The stress intensity factor at the crack tip was estimated with the following formula (Callister, 

2003): 

 

where  a correction factor is by: 

 

 

 

where parameter a is equal to the length of the crack and b is the height of the solder joint. 

The stress intensity factor was calculated for two different stress levels, for 282.98MPa and 

for 565.94MPa that correspond to an applied force of 50N and 100N loaded at 10mm from 

the centre of the solder joint. Because of the limited displacement of the cyclic loading system 

the stress intensity factor was not calculated for the whole length of the large cracks on both 
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failed specimens (Figure 4.5b) as the stress at crack arrest was unknown. Instead, the stress 

intensity factor was calculated for a crack length of 200µm, as this corresponds approximately 

to a crack which was initiated on the surface of the solder joints after cycling (Figure 4.4b). 

The K1 values of the small cracks (200µm), 7.59 MPa √ m (50N load) and 15.18 MPa √ m 

(100N load), are relatively low compared to the K1 values of the larger (~600µm) crack that 

occurred in the solder, 13.89 MPa √ m (50N load) and 27.78 MPa √ m (100N load). The small 

initial crack values are indicative of the fatigue crack tip stress intensity factor of the solder, 

which increases as these cracks grow. It is therefore not surprising that upon the crack 

reaching the brittle interface it ran catastrophically as the K1 value greatly exceeded the K1c of 

this brittle zone. Therefore it would appear that if a crack, which has initiated within the 

solder, reaches the solder / cylinder interface by fatigue crack growth extension will result in 

catastrophic brittle mode of failure. Similar modes of failure were also reported by Waddell et 

al. in their analysis of failure of soldered bar attachment systems in vivo (2010).   

 

There is a need for further research to identify why this brittle diffusion zone occurs and how 

to prevent it as it has serious implications for the clinical performance of gold solder joints to 

non-oxidising gold cylinders. No failures occurred at the Dolder bar / solder interface and this 

would lead to a conclusion that a metallurgical reaction, similar to that reported by Wiskott et 

al. (1997), has occurred at the surface of the cylinder.  This could possibly be overcome if the 

alloy used to produce the non-oxidising gold cylinder was a Type IV gold alloy similar to that 

used to produce the Dolder bar. 

 

The applied stress at the joint of 282.9 MPa for the 50N cyclic loading up to 446310 cycles 

and 565.9 MPa for the 100N cyclic loading up to 502170 cycles could be considered to be 

well within the potential applied stresses exerted on a typical clinical bar attachment system 

based on the maximum bite forces reported for the posterior region by Suleiman (2008) which 

ranged from 176N to 710N. In designing superstructures and substructures that are attached to 

implants, clinicians would benefit by calculating the applied stress to various parts of the bars, 

especially cantilevered bars and thereby ensuring that the calculated stresses are within the 

design parameters and mechanical properties for that specific bar attachment system design. 

Despite the loading conditions being well within those to be expected in the oral environment, 

the appearance of defects and cracks on the surface of the solder joints as the test progressed 

would appear to indicate that a progressive failure mode was in progress. The immediate 

failure of the furnace-soldered sample when the load was increased from 50N to 100N shows 
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that the progress of the cracks within the joint was well progressed despite there being 

minimal external evidence of this failure. 

 

 

4.5 Conclusions	  
 

 The study was unable to produce corrosion on the surfaces of the soldered bar 

attachment systems during fatigue cycling up to 502170 cycles in an in vitro wet 

corrosive environment. 

 The furnace soldered specimens contained more porosity than the flame soldered 

specimens. The presence of porosity in both flame and furnace soldered specimens 

appears to have shortened the fatigue life of the specimens.  

 Both soldering processes produced a thin brittle diffusion layer within the surface of 

the non-oxidising gold cylinder at the solder / cylinder interface. The K1c of this layer 

was similar to that of a tough dental ceramic. No similar metallic reaction occurred at 

the solder / Dolder bar junction. 

 Cracking initiated within the solder about the defect present. However, when the crack 

reached the solder / cylinder interface, there was a catastrophic failure as per a brittle 

mode of failure down the diffusion layer within the surface of the non-oxidising gold 

cylinder.  
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5 Investigation	  of	  metallurgical	  composition	  of	  a	  non-‐oxidising	  
gold	  cylinder	  soldered	  to	  a	  Type	  IV	  gold	  Dolder	  bar	  using	  3	  different	  
gold	  solders	  and	  2	  different	  soldering	  techniques	  
 

 

5.1 Introduction	  
 

The use of gold solder joints for the construction of bar attachment systems to support implant 

overdentures is an established technique (Dolder and Durrer, 1978; Mericske-Stern, 1997; 

Preiskel, 1996). The occasional failure of these attachment systems has been reported in the 

literature (Goodacre et al., 1999; Waddell et al., 2006) and more specifically failure at the 

solder joint area (Waddell et al., 2007; Waddell et al., 2010). An analysis of failure by 

Waddell et al. reported that stress corrosion followed by corrosion fatigue appeared to be the 

primary factor in the etiology of the observed clinical failure (2007; 2010). In the 2010 study, 

Waddell et al. (2010) reported that the majority of the solder joints failed either through the 

solder or the cylinder at the solder / cylinder interface. The cylinder / cylinder failure showed 

a brittle overload mode of fracture. These authors hypothesised that the nature of these 

failures could indicate that a metallurgical reaction had taken place in this area during the 

soldering process. A study by Wisckott et al. (1997) on the mechanical and elemental 

characterisation of solder joints and welds, found that diffusion between the elements of the 

solder and the parent metal during soldering had a negative effect on the strength of these 

joints. This observed effect was subsequently addressed in the present study (outlined in 

Chapter 4 of this thesis), which showed that the soldering processes produced a thin, brittle 

diffusion layer within the surface of the non-oxidising gold cylinder at the solder / cylinder 

interface and that the K1c of this layer was similar to that of a dental ceramic coping material 

such as Zirconia. No similar metallic reaction was observed at the solder / Dolder bar 

junction. The study also found that cracking initiated within the solder, and that when the 

crack reached the solder / cylinder interface, there was a catastrophic brittle fracture in the 

diffusion layer within the surface of the non-oxidising gold cylinder.  

 

A review of the physical and metallurgical considerations of failures of soldered bars in bar 

attachment systems by Waddell et al. (2006) identified that the choice of solder in relation to 

its constituents and the different alloy constituents of the parts to be joined was a factor in the 
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strength and fatigue resistance properties of soldered joints. In addition to the type of solder, 

the melting point, in relation to the melting range of the alloy parts to be joined, influenced 

the selection of either a flame or furnace solder technique used by the dental technician 

(Waddell et al., 2006). 

 

The purpose of this part of the study was to use SEM back scatter detection (BSD) and 

electron dispersive spectrography (EDS) to investigate the metallurgical composition of a 

non-oxidising gold cylinder soldered to a Type IV gold Dolder bar using a flame and furnace 

soldering technique with 3 different gold solders. 

 

 

5.2 Materials	  and	  methods	  
 

The cost of materials under consideration limited the number of tests that could be conducted. 

Two samples (n=1) were prepared for testing. Three 12mm Dolder bars were soldered, each 

with a different solder, to the non-oxidising gold cylinder with a 0.2mm solder gap (Figure 

5.1).  

 

 
Figure 5.1 (a) Shows 3 Dolder bars positioned with soldering investment against a non-oxidising 
gold cylinder with a 0.2mm gap. Three different solders as per Table 5.1 are laid over the gap 
with soldering flux prior to heating with either a flame or furnace soldering technique. (b) 
Shows the attached bar after soldering. (c) Shows the attached bars mounted in resin, sectioned 
horizontally and polished prior to microscopy analysis. 

 

One sample used a flame soldering technique [parts were invested in a soldering investment 

(Deguvest L, Degussa, Germany) soldered with a gas / oxygen flame using a flux (Minoxyd, 

Bego, Germany)] and the other used a furnace soldering technique [parts were invested in a 

soldering investment, fluxed and a different solder placed on each gap prior to being soldered 

in a porcelain furnace (Austromat M, Dekema, Germany)].  The firing cycle consisted of a 
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preheat for 9 minutes at 400oC followed by a heat soak for 3 minutes on entry to the furnace, 

temperature raised to 750oC at 55oC / minute, held for 2 minutes, and then exited from the 

firing chamber and allowed to cool to room temperature]. After soldering, excess solder was 

trimmed back and polished using rubber abrasive wheels (P1823, NTI GalacticGold, NTI, 

Germany). 

 

The soldered 2 non-oxidising gold cylinder 3-spoke bar assemblies were embedded in clear 

resin (Castapress, Vertex, Holland), sectioned along the horizontal plane of the bars (Accutom 

50, Struers, Denmark) and polished (TegraPol21, Struers, Denmark) (Figure 5.1c). A non-

heat treated specimen of each of the alloys listed in Table 5.1 was also embedded and 

prepared in the same manner to provide a reference for comparison. 

 
Table 5.1 Components of the soldered bar attachment system.  The values were obtained from the product 
information literature. Note, the atomic % data for the non-oxidising gold cylinder and the Dolder bar 
were not available from the manufacturer. 

Material Elements in mass % (M%) & 
atomic % (At%) 

Melting range 
in °C 

Manufacturer 

Non-oxidising gold cylinder  M% Au 60 Pt 19 Pd 20 Ir 1 
At% not available 

1400-1490 Straumann (Switerland) 

Dolder bar 51.01/53.01 M% Au 68.6 Pt 2.4 Pd 4.0  
Ag 11.8 Cu 10.6 Ir 0.1 Zn 2.5 
At% not available 

880-940 Cendres&Metaux SA 
(Switerland) 

Degulor-Lot 2 M% Au 73 Pt 1.9 Ag 10, Cu 3 
Zn 12 Re 0.1 
At% Au 52.6 Pt 1.4 Ag 13.2  
Cu 6.7 Zn 26.1 Re 0.1 

700-755 DeguDent (Germany) 

Stabilor-Lot 710 M% Au 50 Pd 1.0 Ag 28.0  
Cu 5.0 Zn 14 In 2,0 
At% Au 30.5 Pd 1.1 Ag 31.2  
Cu 9.5 Zn 25.7 In 2.1 

655-710 DeguDent (Germany) 

Degunorm-Lot 700 M% Au 72.5 Pt 0.5 Ag 10 Ir 0.1 
Cu 3 Zn 12 In 2 
At% Au 51.7 Pt 0.3 Ag 13 Ir 0.1 
Cu 6.6 Zn 25.8 In 2.5 

645-710 DeguDent (Germany) 

 

Elemental analysis was conducted using a JEOL JSM-6700F field emission SEM (JEOL Ltd, 

Tokyo, Japan), and EDS analysis with a JEOL 2300F EDS system (JEOL Ltd, Tokyo, Japan). 

The embedded samples were coated with approximately 10nm thick carbon film in an 

Emitech K575X Peltier-cooled high-resolution sputter coater (EM Technologies Ltd, Kent, 

England) to eliminate the charging effect of the non-conducting embedding resin. 
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Images were acquired using either a secondary detector or backscattered electron detector 

(BSD). The grey level intensity of back scattered images more readily enabled the observer to 

differentiate areas with substantially different elemental compositions. Hence, this was used 

to identify different areas and metallic phases within the samples for analysis. The width of 

the phases normal to the solder / cylinder interface were measured. 

 

EDS analysis was carried out on the following areas (Figure 5.2): 

• The heat-treated non-oxidising gold cylinder, solder and Dolder bar. 

• The heat-treated solder / Dolder bar junction. 

• The heat-treated non-oxidising gold cylinder / solder junction. 

 

 
Figure 5.2. Shows areas within which spot EDS analysis was carried out on the heat-treated 
solder joint assemblies, (a) non-oxidising gold cylinder, solder, Dolder bar, (b) Dolder bar / 
solder junction and (c) non-oxidising gold cylinder / solder junction for the 3 solder types and 2 
soldering methods. 

 

EDS analysis was performed at an accelerating voltage of 20kV and a working distance of 

12mm. Dead time was kept below 25% and counts per second were between 1500-3000. Spot 

analysis for 100s per area was used to identify elements within the alloy. Analysis was also 

performed on the non-heat treated reference alloys. The spot depths were approximately 0 to 

200nm and the areas approximately 0 to 100nm2. 

 

Standardless ZAF quantitation (refers to correction factors for atomic number effect, 

absorption and fluorescence) was applied to the results to indicate the relative weight 

percentages of elements present. The limit of detection for the EDS systems in bulk materials 

is approximately 0.1 weight percent (wt%) (Goldstein et al., 2003).  

 

The BSD mode was used to find applicable areas to place EDS spot analysis points (spots) on 

the parts being joined. Five spots were placed in each of the phases / areas identified: the non-



 68 

oxidising gold cylinder, Dolder bar and solder, as well as on the individual visible phases that 

were observed to occur at the interface between the solder and the non-oxidising gold 

cylinder. An example of this is shown in Figure 5.3. 

 

 
Figure 5.3. Shows an example of a BSD image and identifies the EDS spots placed within various 
metallic phases identified at the non-oxidising gold cylinder / 745o solder interface. 

 

Five EDS spots were also placed in the non-heat treated non-oxidising gold cylinder, solder 

and Dolder bar for comparison with the manufacturer’s published elemental composition as 

per Table 5.1. This EDS data, not the manufacturer’s data, was used as the basis for 

identifying the elemental composition present in the heat-treated solder joint areas. 

 

The mean of the 5 spots was calculated for the values presented in Tables 5.2 and 5.3 and in 

greater detail in Appendices 1, 2 and 3. 

 

The presence of the carbon coating was a problem in terms of distorting the “real 

concentration” of the atomic % in the phases. Thus the concentration of carbon was deducted 

using the formula (Figure 5.4). 

 



 69 

 

Figure 5.4 An example of the calculation for Cu At% value (without Carbon coating). 

 

 

5.3 Results	  

5.3.1 Comparison	  of	  manufacturer’s	  elemental	  composition	  data	  to	  EDS	  results	  of	  
the	  non-‐heat	  treated	  non-‐oxidising	  gold	  cylinder,	  solder	  and	  Dolder	  bar	  
The manufacturer’s published data for the non-oxidising gold cylinder and Dolder bar did not 

indicate the atomic % of the constituent alloys as listed in Table 5.1. Therefore, the following 

method was used to calculate the atomic% of the elements. 

 

Given mass%: Au 68.6; Pt 2.4; Pd 4.0; Ag 11.8; Cu 10.6; Zn 2.5; (Ir 0.1 not detected in the 

EDS scan) 

Atomic weights [g/mol]: Ag 107.9; Au 197; Pt 195.1; Pd 106.5; Zn 65.4; CU 63.6 

 

Calculation: 

 

 
→ Atom% Dolderbar  Au=49.08  
    Pt=1.78 
    Pd=5.26 
    Cu=23.37 
    Ag=10.94 
    Zn=5.36 
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Atom% Cylinder  Au=51.64 
   Pt=16.35 
   Pd=31.84 
 

During the EDS analysis, certain peaks were found to be overlapping, namely Cu - Zn, Re – 

Zn and Au – Pt. These were re-analysed using the software “EM Periodic Table” which 

confirmed the following overlaps were possible: Cu (Lα)-Zn (Ll), Re (Lα1)-(ZnKα) and 

(AuMα1)-(PtMb). This might also explain why in some instances the EDS software was not 

able to identify all elements / peaks. The results are summarised in Table 5.2 and 5.3.  

 
Table 5.2. Comparison of elements, based on a mean of 5 EDS spot scans, from the non heat-treated 
Dolder bar and non-oxidising gold cylinder control specimens to that of the manufacturer’s specifications. 
The EDS system did not detect Iridium as listed by the manufacturer.  

Element C Cu Zn Ag Au Pd Pt Ir 
Dolder bar EDS results (mass%) 15.40 7.78 1.96 8.88 57.35 3.40 5.21 nil 
EDS Atomic% minus Carbon  20.94 5.12 14.05 49.77 5.50 4.58 nil 
Mass% by manufacturer  10.6 2.5 11.8 68.6 4.0 2.5 nil 
Atomic% by manufacturer (calculated)  23.37 5.36 10.94 49.08 5.26 1.78 nil 

 
Cylinder EDS results (mass%) 12.28    49.95 14.99 22.77 0 
EDS Atomic% minus Carbon     50.98 27.33 21.67 0 
Mass% by manufacturer     66.0 20.0 19.0 1.0 
Atomic% by manufacturer (calculated)     53.56 30.04 15.57 0.83 

 
Table 5.3 Comparison of elements, based on a mean of five EDS spot scans, from the three solder control 
specimens to that of the manufacturer’s specifications. 

Element C Cu Zn Ag Au In Ir Pt Pd Re 
Solder 700o EDS mass% 24.44 1.89 6.36 7.94 54.74 1.03 0.70 3.23 - - 
Mass% by manufacturer - 3.0 12 10 72.5 0.1 2 0.5 - - 

EDS At% calculated minus C 
content  - 7.68 19.4 12.48 57.22 0.61 0.57 1.96 - - 

At% by manufacturer - 6.6 25.8 13 51.7 2.5 0.1 0.3 - - 
           

Solder 710 o EDS mass% 14.22 4.04 11.23 23.14 44.13 2.12 - - 0.69 - 
Mass% by manufacturer - 5.0 14 28 30  - - 1.0 - 

EDS At% calculated minus C 
content - 9.11 29.11 23.53 36.42 1.28 - - 0.53 - 

At% by manufacturer - 9.5 25.7 31.2 30.5 2.1 - - 1.1 - 
           

Solder 745 o EDS mass% 15.27 2.84 9.13 8.34 64.04 0.53 - - - 0.43 
Mass% by manufacturer - 3 12 10 73 - - 1.9 - 0.1 

EDS At% calculated minus C 
content - 7.39 19.81 12.93 59.88 - - - - - 

At% by manufacturer - 6.7 26.1 13.2 52.6 - - 1.4 - 0.1 
 

It should be noted that in some instances no iridium was identified in the EDS scan of the 

specimens, yet iridium is listed in the manufacturer’s specifications. This is probably due to 
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the fact that this element has a very high melting temperature, being used as a grain refining / 

nucleating element, not being present at the site of the spot scan. 

 

5.3.2 EDS	  results	  of	  the	  heat-‐treated	  non-‐oxidising	  gold	  cylinder,	  solder	  and	  Dolder	  
bar	  
The elemental composition of the heat-treated non-oxidising gold cylinder, Dolder bar and 

solder was similar to that of the non-heat treated materials as identified in Tables 5.2 and 5.3.  

 

5.3.3 EDS	  results	  of	  the	  heat-‐treated	  Dolder	  bar	  /	  solder	  junction	  for	  all	  3	  solder	  
types	  and	  both	  soldering	  methods.	  	  
The BSD imaging of the area of the Dolder bar / solder junction showed a defined junction / 

interface and no evidence of alloying was detected in the solder or Dolder bar at the solder / 

Dolder bar interface. This was the case for all 3 solders and for both the flame and furnace 

soldering methods (Figure 5.5). The EDS analysis of these areas showed no migration of 

elements between the solder and Dolder bar. 

 

 
Figure 5.5 Example of the Dolder bar (a) / solder (b) interface (identified by the red arrows) with no 
evidence of alloying for all 3 solders and both soldering methods (magnification x 40). 

 

5.3.4 Migration	  of	  elements	  at	  the	  cylinder	  /	  solder	  junction	  (Figure	  5.2c)	  –	  700oC	  
solder	  flame	  method	  
The BSD image and EDS analysis (Appendix 1) shows the formation of a distinct grey 

diffusion zone (area 3, Table 5.4 / Figure 5.6) within the non-oxidising gold cylinder that 

formed as a result of the depletion of the elements Au and Pd combined with the addition of 

Cu, Zn, Ag and an increase of Pt. Adjacent to this (area 2, Table 5.4 / Figure 5.6), a dark 

eutectic-like granular structure formed in the solder as a result of the depletion of Cu, Ag and 

Au, an increase in Zn and addition of Pd and Pt. The surrounding solder matrix (area 1, Table 



 72 

5.4 / Figure 5.6) shows an increase in Cu, decrease in Zn and Au and the addition of Pd. 

Either side of areas 1-4 (Table 5.4 / Figure 5.6) the elemental composition was similar to the 

non-oxidising gold cylinder and 700o solder (Tables 5.2 and 5.3). 

 
Table 5.4 / Figure 5.6. Shows the movement of elements that formed the phases / areas 1, 2, 3 and 4 during 
the 700o flame soldering process at the cylinder / solder interface compared to the elemental composition 
of the solder and the non-oxidising gold cylinder (Tables 5.2 and 5.3). Yellow represents the solder and 
blue to cylinder. Values are in At%. 

 
 

5.3.5 Migration	  of	  elements	  at	  the	  cylinder	  /	  solder	  junction	  (Figure	  5.2c)	  –	  700oC	  
solder	  furnace	  method	  
The BSD image and EDS analysis (Appendix 1) shows the formation of a distinct grey 

diffusion zone (area 3, Table 5.5 / Figure 5.7) within the non-oxidising gold cylinder that 

formed as a result of the depletion of the elements Au, Pd and Pt combined with the addition 

of Cu, Zn, Ag. Adjacent to this (area 2, Table 5.5 / Figure 5.7), a dark eutectic-like laminar 

structure formed in the solder as a result of the depletion of Cu, Zn, Ag and Au and the 

addition of Pd and Pt. The surrounding solder matrix (area 1, Table 5.5 / Figure 5.7) shows an 

increase in Cu, Ag and Au, decrease in Zn, Pt and Ir and the addition of Pd. Either side of 

areas 1-4 (Table 5.5 / Figure 5.7) the elemental composition was similar to the non-oxidising 

gold cylinder and 700o solder (Tables 5.2 and 5.3). 
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Table 5.5 / Figure 5.7. Shows the movement of elements that formed the phases / areas 1, 2, 3 and 4 during 
the 700o furnace soldering process at the cylinder / solder interface compared to the elemental composition 
of the solder and the non-oxidising gold cylinder (Tables 5.2 and 5.3). Yellow represents the solder and 
blue the cylinder. Values are in At%. 

 
 

5.3.6 Migration	  of	  elements	  at	  the	  cylinder	  /	  solder	  junction	  (Figure	  5.2c)	  –	  710oC	  
solder	  flame	  method	  
The BSD image and EDS analysis (Appendix 2) shows the formation of a thin grey diffusion 

zone (area 3, Table 5.6 / Figure 5.8) within the non-oxidising gold cylinder that formed as a 

result of the depletion of the elements Au, Pd and Pt combined with the addition of Cu, Zn, 

Ag. Adjacent to this (area 2, Table 5.6 / Figure 5.8), a dark eutectic-like granular structure 

formed in the solder as a result of the depletion of Cu, Ag and Au, increase in Zn and the 

addition of Pd and Pt. The surrounding solder matrix (area 1, Table 5.6 / Figure 5.8) shows an 

increase in Cu, Ag, Au and Pd and a decrease in Zn. Either side of areas 1-4 (Table 5.6 / 

Figure 5.8) the elemental composition was similar to the non-oxidising gold cylinder and 700o 

solder (Tables 5.2 and 5.3). 

 
Table 5.6 / Figure 5.8. Shows the movement of elements that formed the phases / areas 1, 2, 3 and 4 during 
the 710o flame soldering process at the cylinder / solder interface compared to the elemental composition 
of the solder and the non-oxidising gold cylinder (Tables 5.2 and 5.3). Yellow represents the solder and 
blue the cylinder. Values are in At%. 
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5.3.7 Migration	  of	  elements	  at	  the	  cylinder	  /	  solder	  junction	  (Figure	  5.2c)	  –	  710oC	  
solder	  furnace	  method	  
The BSD image and EDS analysis (Appendix 2) shows the formation of a thin grey diffusion 

zone (area 3, Table 5.7 / Figure 5.9) within the non-oxidising gold cylinder that formed as a 

result of the depletion of the elements Au, Pd and Pt combined with the addition of Cu, Zn 

and Ag. Adjacent to this (area 2, Table 5.7 / Figure 5.9), a dark eutectic-like laminar structure 

formed in the solder as a result of the depletion of Cu, Zn, Ag and Au, increase in Pd and the 

addition of Pt. The surrounding solder matrix (area 1, Table 5.7 / Figure 5.9) shows a decrease 

in Cu, Zn, increase in Ag, Au and Pd. Either side of areas 1-4 (Table 5.7 / Figure 5.9) the 

elemental composition was similar to the non-oxidising gold cylinder and 700o solder (Tables 

5.2 and 5.3). 

 
Table 5.7 / Figure 5.9. Shows the movement of elements that formed the phases / areas 1, 2, 3 and 4 during 
the 710o furnace soldering process at the cylinder / solder interface compared to the elemental composition 
of the solder and the non-oxidising gold cylinder (Tables 5.2 and 5.3). Yellow represents the solder and 
blue the cylinder. Values are in At%. 

 
 

5.3.8 Migration	  of	  elements	  at	  the	  cylinder	  /	  solder	  junction	  (Figure	  5.2c)	  –	  745oC	  
solder	  flame	  method	  
The BSD image and EDS analysis (Appendix 3) shows the formation of a distinct grey 

diffusion zone (area 3, Table 5.8 / Figure 5.10) within the non-oxidising gold cylinder that 

formed as a result of the depletion of the elements Au, Pd and Pt combined with the addition 

of Cu and Zn. Adjacent to this (area 2, Table 5.8 / Figure 5.10), a small dark eutectic-like 

granular structure formed in the solder as a result of the depletion of Cu, Ag and Au, an 

increase in Zn and addition of Pd and Pt. The surrounding solder matrix (area 1, Table 5.8 / 

Figure 5.10) shows an increase in Cu and Ag and decrease in Zn and Au. Either side of areas 

1-4 (Table 5.8 / Figure 5.10) the elemental composition was similar to the non-oxidising gold 

cylinder and 700° solder (Tables 5.2 and 5.3). 
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Table 5.8 / Figure 5.10. Shows the movement of elements that formed the phases / areas 1, 2, 3 and 4 
during the 745o flame soldering process at the cylinder / solder interface compared to the elemental 
composition of the solder and the non-oxidising gold cylinder (Tables 5.2 and 5.3). Yellow represents the 
solder and blue the cylinder. Values are in At%. 

 
 

5.3.9 Migration	  of	  elements	  at	  the	  cylinder	  /	  solder	  junction	  (Figure	  5.2c)	  –	  745oC	  
solder	  furnace	  method	  
The BSD image and EDS analysis (Appendix 3) shows the formation of a distinct grey 

diffusion zone (area 3, Table 5.9 / Figure 5.11) within the non-oxidising gold cylinder that 

formed as a result of the depletion of the elements Au, Pd and Pt combined with the addition 

of Cu, Zn, Ag. Adjacent to this (area 2, Table 5.9 / Figure 5.11), a dark eutectic-like laminar 

structure formed in the solder as a result of the depletion of Cu, Ag and Au, increase in Zn 

and the addition of Pd and Pt. The surrounding solder matrix (area 1, Table 5.9 / Figure 5.11) 

shows a decrease in Cu, Zn, Ag and Au. Either side of areas 1-4 (Table 5.9 / Figure 15.1) the 

elemental composition was similar to the non-oxidising gold cylinder and 700o solder (Tables 

5.2 and 5.3). 

 
Table 5.9 / Figure 5.11. Shows the movement of elements that formed the phases / areas 1, 2, 3 and 4 
during the 745o furnace soldering process at the cylinder / solder interface compared to the elemental 
composition of the solder and the non-oxidising gold cylinder (Tables 5.2 and 5.3). Yellow represents the 
solder and blue the cylinder. Values are in At%. 
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5.3.10 Migration	  of	  elements	  that	  constitute	  the	  grey	  diffusion	  zone	  within	  the	  non-‐
oxidising	  gold	  cylinder	  at	  the	  cylinder	  /	  solder	  junction,	  the	  bright	  matrix	  structure	  
and	  dark	  eutectic	  structure	  (Figure	  5.2c)	  –	  all	  3	  solders	  and	  both	  soldering	  methods	  
A distinct grey diffusion zone developed in all the solder joints within the non-oxidising gold 

cylinder at the solder / cylinder junction as a result of Cu, Zn and Ag migrating from the 

solder into the cylinder while Au, Pd and Pt migrated out of the cylinder towards the solder, 

thus depleting the cylinder of these elements in this area / phase (Table 5.10). 

 
Table 5.10 Shows the mean elemental composition of the grey diffusion zones (light blue) within the non-
oxidising gold cylinder at the cylinder / solder junction (Figure 5.2c) for all 3 solders and both soldering 
methods (Appendices 1, 2 and 3). This was then compared to the parent cylinder constituents (dark blue) 
and shows the addition and depletion of elements to this area / phase. 

 
 

To help identify the trend in elemental migration, the mean elemental composition in At% for 

all 3 solders and both soldering methods for the dark eutectic structure and the surrounding 

bright matrix structure were calculated and compared against the composition of the solder 

and non-oxidising gold cylinder (Table 5.11). 
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Table 5.11 Shows the mean elemental composition in At% based on Tables 5.4 to 5.9 for all 3 solders and 
both soldering methods, the dark eutectic structure and the surrounding bright matrix structure (light 
yellow) against the composition of the solder (yellow) and non-oxidising gold cylinder (blue). Increases in 
At% compared to the solder’s Cu, Zn, Ag and Au are shown in green and decreases are in red. Increases 
in the At% compared to the non-oxidising gold cylinder’s Pd and Pt are shown in green. 

 
 

5.3.11 Diffusion	  zone	  width	  Flame	  vs	  Furnace	  soldered	  specimen	  
The width of the grey diffusion zone that had been identified as being a brittle zone in 

Chapter 4 by Waddell et al. (2010) was measured as well as the width of the eutectic zone 

(Figures 5.12, 5.13 and 5.14)(Table 5.12 and Figure 5.15) .  

 

 
Figure 5.12a Measured diffusion zone in flame 
700o specimen (µm). 

 
Figure 5.12b Measured diffusion zone in furnace 
700o specimen (µm). 

 
Figure 5.13a Measured diffusion zone in flame 
710o specimen (µm). 

 
Figure 5.13b Measured diffusion zone in furnace 
710 o specimen (µm). 
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Figure 5.14a Measured diffusion zone in flame 
745o specimen (µm). 

 
Figure 5.14b Measured diffusion zone in furnace 
745 o specimen (µm). 

 

The time in seconds for the soldering process to take place, plus the estimated cooling time, 

was calculated (Table 5.12). 

 
Table 5.12 Shows average width of the diffusion zones, diffusion zone plus the eutectic zone and time 
taken for soldering process  

Specimen Diffusion zone Eutectic zone + Diffusions 
zone 

Time at 
soldering 

temperature - 
seconds 

Cooling time 
after removal 

of heat source - 
seconds 

Total time 
- seconds 

 Average 
width in µm 

Sd. Average 
width in µm 

Sd.    

Flame 700 1.37 0.23 1.69 0.48 5 15 20 

Flame 710 0.35 0.06 2.47 0.16 5 15 20 

Flame 745 1.76 0.11 2.28 0.35 5 15 20 

Furnace 700 2.64 0.42 10.99 0.81 120 60 180 

Furnace 710 1.52 0.66 12.87 1.41 120 60 180 

Furnace 745 2.93 0.92 13.09 0.69 120 60 180 
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Figure 5.15 Graph showing comparative widths of the diffusion zone and diffusion zone plus the eutectic 
zone by soldering technique and solder type 
 

5.3.12 Microstructures	  at	  cylinder	  /	  solder	  junction	  
Figures 5.16 and 5.17 show typical patterns of the surfaces obtained based on the soldering 

technique used. The flame technique produced a different microstructure (Figure 5.16) at the 

cylinder / solder junction to that of the furnace technique (Figure 5.17). The furnace technique 

(Figure 5.17), shows a more acicular / eutectic structure at the cylinder / solder interface than 

the granular-like structure seen in the flame technique (Figure 5.16). This pattern was 

observed in 700o and 745o solder types. A similar behaviour was observed in the 710o solder 

with a small variation in the flame soldering 710o specimen where there was a combination of 

acicular and granular structures (Figure 5.18). 
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Figure 5.16. Shows the granular-like microstructure 
adjacent to the diffusion zone in the flame 745o 
specimen. 

 
Figure 5.17. Shows acicular-like microstructure 
adjacent to the diffusion zone in the furnace 745o 
specimen. 

 

 
Figure 5.18. Shows a magnified backscatter image (area in the red) in the Flame 710o specimen. Adjacent 
to the grey diffusion zone is a small area of an acicular microstructure adjacent to which is an area of 
granular structure. 

 

 

5.4 Discussion	  
 

Overview 

This study has looked at the metallurgical properties of gold solder joints using 3 different 

dental solders (700oC, 710oC and 745oC melting point), to join 2 different parent metals (non-

oxidising gold cylinder soldered to a Type IV wrought gold Dolder bar) with 2 different 

soldering techniques (flame soldering vs. furnace soldering).  The technique used to measure 

the metallurgical properties were BSD SEM observation in combination with EDS analysis of 

the elemental composition of the various phases observed. 
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5.4.1 Microstructure	  	  
BSD Observations - Overview 

The Back Scatter Electron Microscope images of the 3 different soldering materials all 

showed distinct phases at the junction of the solder to the gold cylinder which appeared to be 

dependent on the method of soldering, i.e. furnace versus flame. The formation of distinct 

metallic phases at the solder to Dolder bar junction was not observed which was confirmed by 

the EDS analysis of the junction area showing no migration of elements between the 2 alloys. 

The degree to which the various observed phases developed and extended into the solder at 

the cylinder / solder junction, appeared to be linked to the time that the alloys spent at the 

soldering temperature to produce the solder joint (Table 5.12, Figure 5.15) and the length of 

time taken in the cooling to a temperature at which elemental migration had ceased. The 

flame technique delivered a high level of heat to produce the necessary heat energy to 

facilitate the soldering within approximately 5 seconds. The moment the flame was removed 

from the parts being soldered, there was a rapid cooling to room temperature. In contrast, the 

time programmed for the porcelain furnace was 2 minutes at top temperature to allow for the 

heat soak of the soldering investment block and the parts to be soldered, with a time of 5 to 8 

seconds for the furnace muffle to exit the furnace. In addition, the ceramic furnace firing 

table, on which the soldering block sits, was slow to lose heat energy, which resulted in a 

slower cooling time thereby allowing phases to form within the joint which was estimated at 

approximately 1 minute. This difference in the time between the flame and furnace soldering 

technique probably resulted in the furnace soldered specimens having a greater depth of 

interaction zone, where alloying and diffusion had taken place in comparison to that of the 

flame soldered joints (Table 5.12, Figure 5.15).  

 

In addition to the influence of time on the formation of alloying and diffusion between the 

gold cylinder and the solder, another factor that may have influenced the degree to which 

diffusion occurred, was the temperature difference between the flame versus furnace method. 

The flame soldering method had the potential to bring a higher heating temperature to bear on 

the joint area by as much as 200oC above the melting point of the solder. This variability was 

caused by the inability of the operator to control the level of heating when flame soldering by 

hand. The technique was totally dependent on the operator’s experience to judge, by eye, the 

temperature of the parts being soldered. The lower end of the melting range of the parts to be 

soldered limited the upper limit of the soldering temperature. Beyond this temperature, the 
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parts would distort. In contrast, the furnace soldering method was able to accurately control 

the soldering temperature due to the accuracy of programming in the porcelain furnace.  

 

According to Callister (2003), the development of laminar eutectic phases within an alloy is 

time dependent and this appears to be the case in this study where the furnace method which 

produced an approximately 10µm eutectic zone based on 180 seconds of heat treatment 

versus the flame method which produced an approximately 2µm eutectic zone based on 20 

seconds of heat treatment (Table 5.12). Ryge (1958) also described the influence of time and 

temperature on the amount of alloying and diffusion between solder and parent alloy  while 

Wiskott et al. (1997) reported diffusion of Au and Pd between the solder and parent metal 

when investigating the mechanical and elemental characterisation of solder joints and welds 

using a gold-palladium alloy . 

 

BSD Observations – Cylinder / Solder Junctions - Flame versus Furnace 

In the flame-soldered specimens, a grey coloured diffusion zone was clearly identified at the 

edge of the gold cylinder with a mean width of 0.35 to 1.76µm (Table 5.12, Figure 5.15). 

Next to this was a narrow zone of alloying which appeared to be an acicular-shaped eutectic 

phase of dark particle-like structures extending into the solder (Figure 5.16). Next to the 

acicular-shaped eutectic phase, precipitated spheroid / granular-like structures were observed 

extending into the solder (Figures 5.12, 5.13 and 5.14). In the furnace soldered specimens, the 

grey coloured diffusion zone at the edge of the gold cylinder was thicker than that of the 

flame specimen with a mean width of 1.52 to 2.93µm, which is approximately double the 

width of the flame soldered specimens (Table 5.12, Figure 15.5).  Next to this diffusion zone 

was a zone of alloying of acicular-like / columnar structures which appeared to be a eutectic 

phase extending approximately 10µm into the solder (Table 5.12). The probable reason for 

the increased width of this zone was the longer cooling time as a result of the furnace 

soldering method. Bergmann (1977) explains the formation of this type of solidification 

process as being composed of 2 processes; nucleation and growth. The growth of the crystals 

occurs as a result of the migration of the atoms from the molten solder to the crystal surfaces 

(Bergman, 1977). Because the energy state of the atoms in the solidified crystal is lower than 

that of the atoms in the liquid phase, there is a release of heat resulting in the growth of the 

crystals. The solidification rate is directly influenced by the temperature gradient that controls 

the diffusion of the latent heat (Bergman, 1977; Callister, 2003). Within the solder joint 

assembly, the gold cylinder, which is still in the solid state, will conduct the heat from the 

molten solder and in the furnace soldering technique, the rate at which the joint will cool will 
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be slower than the flame soldering method resulting in the material remaining at higher 

temperatures for a longer time, thereby allowing diffusion of various atoms to occur and a 

greater length of formation in the observed structures. Bergman (1977) goes on to explain the 

formation of the needle-like / columnar shaped structures as resulting from the growth 

inwards into the molten solder without opposition, but their lateral spread is restricted due to 

the mutual interference. The growth gradually ceases as the residual melt solidifies (Bergman, 

1977). Beyond this zone, precipitated granular-like structures were observed extending a short 

distance into the solder in a similar manner to that observed in the flame soldered specimens 

(Figures 5.12b, 5.13b and 5.14b). Seol et al. (2005) observed similar changes in a study of the 

microstructure of Ag-Pd-Cu-Au alloy where there was a phase transformation forming 2 

phases consisting of a matrix and particle-like structure of various sizes . 

 

BSD Observations – Solder / Dolder Bar Junctions 

No alloying or diffusion zones were observed at the junction of the solder to the Dolder bar in 

any of the 3 solders as a result of the soldering technique. This is probably due to the 

elemental composition of the Dolder bar and the solders containing a similar range of 

elements (Table 5.1), and the solder forming a homogenous solid solution similar to structure 

of the Dolder bar (Bergman and Bjornham, 1972; Darvell, 2002).  

 

5.4.2 EDS	  observation	  
The BSD images highlighted distinct areas where there had been diffusion and alloying of the 

elements that made up the gold cylinder and solder for all three solder types. Therefore, EDS 

analysis using spot scans, was used to identify the elemental composition of the observed 

metallic structures and the non-heat treated components for purposes of comparison. Due to 

the limitation of the financial budget, the sample size was limited to n = 1 for each of the 3 

solders / 2 soldering methods studied. Despite this limited sample size, clear trends were 

observed (Tables 5.4, 5.5, 5.6, 5.7, 5.8 and 5.9). However, caution needs to be exercised in 

putting too much store by the exact values calculated for the EDS identified atomic % of the 

elemental compositions and therefore the discussion will be limited to the identified trends.   

 

In order to compare the EDS results with the manufacturer’s elemental compositions, the 

carbon layer was deleted from the measured elemental compositions. The EDS analysis of the 

non-heat treated components was similar to the manufacturer’s published elemental 

compositions. EDS analysis of all 3 solder types at the solder / Dolder bar junction showed no 

alloying or migration of elements across the junction independent of which soldering 
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technique had been used. This was probably due to the elemental composition of both the 

solder and the Dolder bar containing a similar range of elements, especially Cu, Zn, Ag and 

Au. This appeared to have resulted in an equilibrium state between the alloys of the 3 solders 

and Dolder bar during the heat treatment stage of the soldering process. 

 

Comparison between the two soldering methods at the non-oxidising gold cylinder / solder 
junction 
The trend for the elements to migrate and form diffusion zones, eutectic and participate 

spheroid-shaped phases appears to be the same for both methods, but the degree to which this 

occurred appeared to be dependent on the method of soldering, with the furnace method 

producing a wider diffusion zone at the edge of the gold cylinder and a wider eutectic zone in 

the 3 solders at the cylinder / solder junction (Table 5.12, Figure 5.15).  

 

The cause of this appeared to be twofold: firstly, the influence of time as discussed previously 

(pages 80-82) where the furnace method held the various alloy parts at a temperature where 

diffusion took place for a longer period than the flame method, and secondly, the disparity in 

the elemental content between the non-oxidising gold cylinder and the 3 solder types (Tables 

5.10 and 5.11). The reaction at the interface between the 3 solders and non-oxidising gold 

cylinder appears to be trying to achieve equilibrium through migration of Cu, Zn and Ag into 

the Au, Pd and Pt non-oxidising gold cylinder to form the grey diffusion zone within the non-

oxidising gold cylinder while Au, and especially Pd and Pt diffuses out of the non-oxidising 

gold cylinder into the 3 solders to form the eutectic and precipitated phases as observed by the 

BSD (Table 5.11).  

 

The EDS analysis showed that the laminar eutectic phase was rich in Pd and Pt that had 

migrated out of the non-oxidising gold cylinder while the Au content had decreased (Table 

5.11). The surrounding bright matrix area to the eutectic structures appeared to be richer in 

Au and Pd compared to the solder compositions and deficient in Pt. The cause of this 

migration was probably a reaction to achieve equilibrium in the system by eliminating the 

concentration gradients between the Pd Pt deficient solders. 

 

An example of the influence of the longer time was the presence of Zn and Ag in the gold 

cylinder ~100µm from the grey diffusion zone in the furnace soldered 745oC specimen (Table 

5.9 / Figure 5.11) that was not detected in the flame soldered specimen where there had been 

less time for diffusion to take place. 
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The width of the grey diffusion zone in the 710oC solder specimen was thinner when 

compared to the 700oC and 745oC (Table 5.11, Figure 5.15). This can possibly be explained 

by the similarity of atomic % content of the 700oC and 745oC solders (Tables 5.1 and 5.3) 

having produced very similar degrees of zone formation. Whereas the 710oC solder, which 

had a lower Au content at 36,42% (700oC, Au – 57.22% and 745oC, Au – 59.88%), almost 

double the Ag at 23.53% (700oC, Ag – 12.48% and 745oC, Ag – 12.93%) and more Zn at 

29.11% (700oC, Zn – 19.4% and 745oC, Zn – 19.81%). This has probably resulted in the 

limited formation of the grey diffusion zone (Figures 5.8, 5.9 and 5.13) (Table 5.11 and 

Figure 5.15). 

 

 

5.5 Summary	  
 

The EDS analysis in combination with the BSD images revealed that there was no formation 

of specific phases at the solder / Dolder bar junction in all 3 solder types and in both soldering 

methods. The appearance of the solder and Dolder bar in the BDS images was that of a 

homogeneous alloy structure. Bergmann and Bjornham (1972) confirmed this in their finding 

that the most homogeneous gold to gold solder joint is obtained if the alloys involved in the 

joint are similar in regard to their chemical composition and physical properties.  

 

In contrast, the formation of diffusion zones and eutectic phases at the gold cylinder / solder 

junction was clearly visible in all 3 solder types and in both soldering methods. Bergman 

(1977) and Bergman and Bjornham (1972) reported observing a similar reaction which they 

explained was due to the alloy parent metal and solder having different compositions, thereby 

seeking to attain equilibrium in the total alloy system of the solder joint area (Bergman and 

Bjornham, 1972; Bergman, 1977). Wiskott et al. (1997) reported a similar result with the 

diffusion of Au and Pd into the solder in post-ceramic solder joints soldered using the furnace 

technique, with less migration of elements in the flame soldering technique . The grey 

diffusion zone observed in the 3 solder type joints may be explained by the driving force 

expressed as “Fick’s” laws, where the concentration gradient between the gold cylinder (Au – 

50.98%, Pt – 21.26%, Pd – 27.33%) is brought into contact with the solders, which contain no 

Pd and less than 2% Pt, but contain Zn above 19%, Cu above 7% and Ag above 12% 

(Callister, 2003; Wiskott et al., 1997).  The consequences of the alloying and diffusion 
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observed at the junction between the gold cylinder and solder, where there was an increase in 

Zn, Cu and Ag, could be a change in the mechanical properties of the alloy in these zones, 

such as increasing hardness and elastic modulus (Seol et al., 2005). According to Craig and 

Hanks (1993), Au and Pt combine readily with Zn with the tendency to increase the 

brittleness and hardness of the alloy as the percentage of Zn is increased. Cu, which imparts 

improved strength and hardness qualities to gold alloys in quantities greater than 12%, causes 

significant response to heat treatment of the alloy, while the presence of Ag and Cu combine 

to form alloys of increased hardness and reduced melting temperatures (Craig and Hanks, 

1993).  

 

 

5.6 Conclusion	  
 

The BSD images have shown the following: 

- Distinct phases at the non-oxidising gold cylinder / solder junction formed during the 

soldering process in the solder matrix and the cylinder, but not at the solder / Dolder 

bar junction. 

- The width of diffusion zone in the edge of the cylinder is dependent upon the 

elemental composition of the solders used and the soldering technique, with the flame 

technique producing a narrower zone width compared to the furnace technique. 

- A eutectic structure formed within the solder adjacent to the cylinder with the flame 

technique producing a narrower zone width compared to the furnace technique. 

- A precipitated spheroid phase formed in the bright solder matrix adjacent to the 

eutectic zone. The extent of this formation was dependent on the elemental 

composition of the solder being used and the soldering technique. 

 

The EDS analysis has shown the following;  

- The homogeneous diffusion zone within the cylinder contained the elements Au, Pd, 

Pt, Ag, Cu and Zn, was different to the bulk material which contained only Au, Pd and 

Pt. 

- The bright phase in the eutectic structure of the solder showed a high concentration of 

Au with lower concentrations of Pd, Ag, Zn, and Cu. The darker particle-like 

structures and precipitated spheroid phases in the bright eutectic matrix showed high 

concentrations of Zn and Pt. 
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- Zn, Cu and Ag had migrated from the solder towards the cylinder interface while Pd 

and Pt had diffused from the cylinder into the solder to form eutectic and precipitated 

spheroid phases. 
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6 Investigation	  of	  micro-‐mechanical	  properties	  of	  soldered	  
interfaces	  between	  a	  non-‐oxidising	  gold	  cylinder	  abutment	  and	  a	  
gold	  Dolder	  bar:	  role	  of	  solder	  and	  soldering	  technique.	  	  
 

 

6.1 Introduction	  
 

Chapter 5 identified the metallurgical reactions that had formed as a result of the soldering 

process. The BSD images clearly showed the various phases that had developed and these 

“phase zones” were measured (Table 15.2, Figures 5.12, 5.13, 5.14 and 5.15). The width of 

these zones ranged from 0.35µm to 13.9µm. Previous studies reported in the dental literature 

used Vickers microhardness testing as a method of determining the hardness of the solder 

joints and the areas immediately around them (Bock et al., 2008; Iijima et al., 2007; 

Watanabe et al., 1997). A possible limitation of this method would be the size of indenter in 

relation to the size of the identified phases with the effect of averaging if the indenter is not 

small enough to exclude surrounding phases. Venkannah and Mazumder (2009) in a study 

comparing the properties of ultrasonic welds using two different hardness methods (Vickers 

microhardness and nanoindentation), found that the differences in the hardness values could 

be explained by the fact that the nanoindenter measured the hardness at a nano scale where 

the depth of penetration was only 100nm. In contrast, the depth of penetration with the 

microhardness tests was calculated as 3.57µm for an indent diameter of 25µm (Venkannah 

and Mazumder, 2009). These authors further went on to comment that the microhardness test 

was affecting a much greater volume of material, hence measuring the average hardness of 

different phases at the same time. The nanoindenter measurement was more focused, making 

contact with a small volume of material, thereby representing the hardness of a particular 

phase (Venkannah and Mazumder, 2009). The method of nanoindentation is a well-accepted 

and preferred method when measuring the mechanical properties of small sized solder joints 

in the engineering literature (Albrecht et al., 2005). In his rationale for the use of 

nanoindentation, Albrecht et al. (2005) describe how the material is indented with a three 

sided diamond pyramid, known as a Berkovich indenter, and that the process is either force- 

or displacement-controlled and results in a load–indentation depth curve, which is 

characteristic of the local mechanical properties of the material in question (Albrecht et al., 

2005). This gives an additional advantage in that the hardness and Young’s modulus (E-
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modulus) can be directly obtained from the indentation curve as calculated according to the 

procedure developed by Oliver and Pharr (1992).  

 

When one considers that the width of the diffusion / alloying zones identified in Chapter 5 

ranged from 0.35µm to 13.9µm, a Vickers microhardness indenter with a calculated depth 

penetration of 3.57µm with resulting indent diameter of 25µm (Venkannah and Mazumder, 

2009) would not be a suitable method to measure the mechanical properties of the zones of 

interest in this study. 

 

Therefore, the purpose of this study is to use nanoindentation, to establish the hardness and 

elastic modulus values of the solder joint areas of a non-oxidising gold cylinder soldered to a 

Type IV gold Dolder bar using 3 different gold solders and 2 different soldering techniques. 

 

6.2 Materials	  and	  methods	  
 

The same specimens that were prepared for EDS analysis in Chapter 5 were used for 

nanoindentation. Indents were carried out in a UMIS nanoindentation system (UMIS, 

Australia). Two rows of 20mN indents were placed along the line of the non-oxidising gold 

cylinder / solder / Dolder bar (Figures 6.1 and 6.2) for each of the solder types and 2 soldering 

techniques for the following test parameters; Hold period at initial contact force – 10s, initial 

contact force – 0.1mN, maximum force 20mN, increments - 20/15, decrements – 20, hold 

time – 10s.  

 

 
Figure 6.1. Shows placement of two lines of indents along the non-oxidising gold cylinder / solder / Dolder 
bar surface. 
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Using the indenter light microscope, different “zones” were identified using a polarising filter 

at 10x magnification (YS-2H Nikon, Japan). The cylinder area, the junction between the 

cylinder and solder and the junction between the solder and the Dolder bar were clearly seen 

(Figure 6.2). 

 

 
Figure 6.2. Shows a typical example of two rows of 20mN indentations that were made extending from the 
cylinder across the solder and into the Dolder bar for the various soldering techniques.  

 

A specimen of non-heat treated non-oxidising gold cylinder, three types of solder and Dolder 

bar were also indented at 20mN for purposes of comparison. Subsequently, 3 parallel rows of 

indents were repeated at a decreased force of 3 mN across the non-oxidising gold cylinder / 

solder area junction with a distance between each indentation of 2µm. A map file consisting 

of 16 indentations was indented (Figure 6.3). 
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Figure 6.3. Shows a typical example of three rows of 3mN intents traversing across the non-oxidising gold 
cylinder / solder interface. Note the 20mN intents to the left side of the image circled in red. 

 

 

6.3 Results	  

6.3.1 Non-‐heat	  treated	  control	  specimens	  
The mean hardness and E-modulus values for the non-heat treated non-oxidising gold 

cylinder, three types of solder and Dolder bar (control data) are reported in (Table 6.1) 

(Figures 6.4 and 6.5). 
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Table 6.1. Mean E-modulus and hardness values for non-heat treated control specimens showing a overall 
mean slight increase of 9% in E-modulus and large increase of 21% in Hardness with the decease in 
applied load from 20 to 3mNs. 

 
 

The results of the control data (Table 6.1) show the E-modulus values had increased slightly 

(9%) with a decreasing applied load from 20mN to 3mN while the Hardness values had a 

large increase (21%) with a decreasing applied load from 20mN to 3mN. 

 

 
Figure 6.4. Graph showing mean hardness values of the non-heat treated control specimens indented at 20 
mN force. 
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Figure 6.5. Graph showing mean E-modulus values of the non-heat treated control specimens indented at 
20 mN force. 

 

6.3.2 Comparison	  between	  non-‐heat	  treated	  control	  specimens	  and	  the	  heat-‐
treated	  non-‐oxidising	  gold	  cylinder	  and	  Dolder	  bar	  	  
The mean values for hardness and E-modulus between the non-heat treated control non-

oxidising gold cylinder and the heat-treated non-oxidising gold cylinders were compared 

(Table 6.2) (Figures 6.6 and 6.7). 

 
Table 6.2. Shows comparison of mean values for hardness and E-modulus between the non-heat treated 
control non-oxidising gold cylinder and the heat-treated non-oxidising gold cylinders 

Non-oxidising gold cylinder Furnace-soldering Flame-soldering Control 

Average 187.60 193.47 171.50 E-modulus 
[GPa] Sd +/- 30.52 39.99 16.12 

Average 3.46 3.38 3.71 Hardness 
[GPa] Sd+/- 0.37 0.42 0.49 
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Figure 6.6. Graph showing comparison of mean values for E-modulus between the non-heat treated 
control non-oxidising gold cylinder and the heat-treated non-oxidising gold cylinders 

 

 
Figure 6.7. Graph showing comparison of mean values for hardness between the non-heat treated control 
non-oxidising gold cylinder and the heat-treated non-oxidising gold cylinders. 

 

The non-oxidising gold cylinders from both soldering techniques showed similar values in E-

modulus after heat treatment. This was statistically confirmed by an ANOVA test between the 

2 soldering techniques showing no significant difference, p=0.597. However, when 

comparing the non-heat treated control specimen and the heat-treated specimens, there were 

differences in the values as confirmed by the statistical analysis using a t-test, assuming equal 

variances. The furnace soldered cylinder showed a difference of p=0.0341 and the flame 

soldering cylinder a difference of p=0.0229 compared to the non-heat treated control cylinder. 
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The hardness values were statistically examined in the same manner. The ANOVA test 

between the 2 soldering techniques showed no significant difference at p=0.486. The t-test, 

assuming equal variance, to compare the furnace soldering and flame soldering cylinders with 

the control cylinder showed no significant difference at p=0.100 for the furnace technique, but 

the flame soldering technique showed a significant difference at p=0.02. 

 

The mean values for hardness and E-modulus between the non-heat treated control Dolder bar 

and the heat-treated Dolder bars were compared (Table 6.3) (Figures 6.8 and 6.9). 

 
Table 6.3. Shows comparison of mean values for hardness and E-modulus between the non-heat treated 
control Dolder bar and the heat-treated Dolder bars. 

Dolder bar  Furnace-soldering Flame-soldering Control 

Average 120.67 125.03 130.53 E-modulus 
[GPa] Sd +/- 4.62 6.08 8.59 

Average 3.62 3.84 3.48 Hardness 
[GPa] Sd+/- 0.09 0.11 0.14 

 

 
Figure 6.8. Graph showing comparison of mean values for E-modulus between the non-heat treated 
control Dolder bar and the heat-treated Dolder bars. 
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Figure 6.9. Graph showing comparison of mean values for hardness between the non-heat treated control 
Dolder bar and the heat-treated Dolder bars. 

 

The statistical analysis between the heat-treated versus non heat-treated bars showed the 

following. The t-test, assuming equal variances, which compared the E-modulus data between 

the heat-treated and non-heat treated bars, showed no significant difference at p=0.362 and 

p=0.364 for the furnace and flame bars compared to the non-heat treated bar. In contrast, the 

t-test, assuming equal variances for the hardness data, showed a significant difference at 

p=2.89-09 and p=3.07-09 (at this level, the standard deviations did not overlap) between the 

heat-treated furnace and flame bars and the non-heat treated bar.  

 

6.3.3 Cross-‐sectional	  plots	  of	  20mN	  indents	  
The E-modulus and hardness values for the 20mN indents recorded along the line of the non-

oxidising gold cylinder / solder / Dolder bar (Figures 6.2 and 6.3) for each of the solder types 

and two soldering techniques are reported as follows:  

 

- Furnace soldered 700o (Appendix 4) 

- Furnace soldered 710o (Appendix 5) 

- Furnace soldered 745o (Appendix 6) 

- Flame soldered 700o (Appendix 7) 

- Flame soldered 710o (Appendix 8) 

- Flame soldered 745o (Appendix 9) 
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As a trend, all three solder types in the furnace technique showed an increase in the value for 

E-modulus and hardness in the solders at the non-oxidising gold cylinder / solder junction 

compared to the rest of the solder values. This was also seen in the flame 700o solder 

assembly, but not in the 710o and 745o solder assemblies. The values for E-modulus and 

hardness for the solders and Dolder bars at the solder / Dolder bar junctions showed that the 

materials remained consistent with their bulk values. Due to the non-oxidising gold cylinder / 

solder junction being the area of interest, 3 mN indents, to map a 30µm width across the 

diffusion zone area, was carried out to establish the E-modulus and Hardness values more 

accurately for all three solder types and both techniques as per Figure 6.3. 

 

6.3.4 Cross-‐sectional	  plots	  of	  3mN	  indents	  at	  the	  non-‐oxidising	  gold	  cylinder	  /	  
solder	  junctions	  
The E-modulus and hardness values for the 3mN indents recorded along the line of the non-

oxidising gold cylinder / solder interface (Figure 6.3) for each of the solder types and two 

soldering techniques are reported as follows:  

 

- Furnace soldered 700o (Appendix 10) 

- Furnace soldered 710o (Appendix 11) 

- Furnace soldered 745o (Appendix 12) 

- Flame soldered 700o (Appendix 13) 

- Flame soldered 710o (Appendix 14) 

- Flame soldered 745o (Appendix 15) 

 

To illustrate the above, an example of the 700o furnace and flame indent process is shown in 

Figures 6.10 and 6.11. This shows the BSD images of the grey diffusions zone within the 

non-oxidising gold cylinder at the non-oxidising gold cylinder / solder interface and relates 

them to the light microscope images from the nanoindenter in relation to the higher E-

modulus and Hardness values specific to the grey diffusion zone. 
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Figure 6.10. 1 shows the 3mN indent map across the non-oxidising gold cylinder / solder junction for the 
700o furnace solder joint. Note the relative size of the 20mN indents to the left. 2 shows the area of the 
diffusion zone more clearly and the indents in this area are visible. 3 shows the mean values for E-
modulus (red graph) and hardness (blue graph) and points out the increased values as they relate to the 
diffusion zone.
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Figure 6.11. 1 shows the 3mN indent map across the non-oxidising gold cylinder / solder junction for the 
700o flame solder joint. Note the relative size of the 20mN indents to the left. 2 shows the area of the 
diffusion zone more clearly and the indents in this area are visible. 3 shows the mean values for E-
modulus (red graph) and hardness (blue graph) and points out the increased values as they relate to the 
diffusion zone. 

 

A summary of the mean E-modulus and Hardness values identified in the 3mN indents at the 

non-oxidising gold cylinder / diffusion zone / solder for all 3 solder types and both techniques 

(Appendices 10 to 15) is presented in Table 6.4 (Figures 6.12 and 6.13). 

 
Table 6.4. Shows mean values for E-modulus and hardness of the 3mN indents at the non-oxidising gold 
cylinder / diffusion zone / solder area. 

 E-modulus Hardness 

 Cylinder Diffusion 
Zone 

Solder Cylinder Diffusion 
Zone 

Solder 

Furnace 700 150 180 140 4.5 5.5 4 

Furnace 710 162 175 140 3.4 4.9 4 

Furnace 745 170 180 150 4 5.1 4.3 

Flame 700 160 165 145 3.3 4.8 4 

Flame 710 165 190 145 3.3 5 4.4 

Flame 745 170 190 148 4 5 4 

Mean 162.83 180.00 144.67 3.75 5.05 4.12 

SD 6.84 8.66 3.73 0.45 0.22 0.17 
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Figure 6.12. Graph showing the mean 3mN E-modulus values (GPa) for both the flame and furnace 
soldering techniques and all 3 solder types at the non-oxidising gold cylinder / diffusion zone / solder area. 

 

 
Figure 6.13. Graph showing the mean 3mN hardness values (GPa) for both the flame and furnace 
soldering technique and all 3 solder types at the non-oxidising gold cylinder / diffusion zone / solder area. 

 

When one compares the % difference between the non-oxidising gold cylinder / diffusion 

zone / solder, the E-modulus of the diffusion zone is 9.5% higher than the non-oxidising gold 

cylinder and 19.6% higher than the solder. The hardness of the diffusion zone is 25.7% higher 

than the non-oxidising gold cylinder and 18.5% higher than the solder. The differences in the 

means was subjected to an ANOVA that showed the E-modulus means were statistically 

differenct at F=0.62 between the diffusion zone and non-oxidising gold cylinder and 0.09 

between the diffusion zone and the solder. The hardness means were statistically different at 

F=0.15 between the diffusion zone and non-oxidising gold cylinder and 0.55 between the 

diffusion zone and the solder. 
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6.4 Discussion	  
 

The purpose of the study was to establish the E-modulus and hardness properties of the solder 

joint area of a non-oxidising gold cylinder soldered to a Type IV gold Dolder bar using 3 

different solders (700o, 710o and 745oC) and 2 different soldering techniques (flame and 

furnace) using a nanoindentation method. Initially the study established the E-modulus and 

hardness values for specimens of the non-heat treated materials. This was followed by 

establishing the E-modulus and hardness values for specimens of the heat-treated materials 

and then comparing them to the non-heat treated materials. This laid down the foundation for 

comparison of the values established along the length of the soldered assemblies for the 

combination of solder materials and techniques. 

 

The series of indents that were done on the non-heat treated components at 20 and 3mN 

(Table 6.1) showed the elastic modulus remained similar with only a slight increase, while the 

hardness values showed a mean increase of 21% as the indenting load reduced. This 

phenomenon known as the “size effect” (Mencik, 1996) validated the use of the 3mN as a 

resolution for the measurement of the smaller diffusion / alloyed zones.  

 

When one compares the mean values of the E-modulus and hardness for the non-heat treated 

materials (Figures 6.5 and 6.6), they show the non-oxidising gold cylinder having higher 

properties than the Dolder bar, which in turn is higher than the solders. An explanation for 

this would be a combination of the elemental composition of the materials and their method 

of manufacture. The non-oxidising gold cylinder has a higher proportion of Pd and Pt (M% 

Au-60, Pt-19, Pd-20, Ir-1) than the Dolder bar, which contains (M% Au-68.6, Pt-2.4, Pd-4.0, 

Ag-11.8, Cu-10.6, Ir-0.1, Zn-2.5) (Table 5.1). The increased amount of Pd and Pt in the 

cylinder will intrinsically impart higher mechanical properties than the bars due to them 

having higher mechanical properties than Au and their strengthening effect in a solid solution 

state of the non-oxidising gold cylinder alloy (Darvell, 2002; Tani et al., 1991). Both the non-

oxidising gold cylinder and the Dolder bar are manufactured by a wrought process that 

increases the hardness by strain-hardening (Darvell, 2002). In the case of the non-oxidising 

gold cylinder, this can be further increased at the surface due to additional plastic-strain 

hardening during milling to shape in the CNC milling machine. However, this may be negated 

by recrystallisation in the grain structure during the soldering heat treatment. While minimal 
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surface depth of the whole assembly may be strain hardened by the process of grinding and 

polishing to shape of the solder joint, this should not have influenced the results as the 

completed assembly was sectioned and polished with decreasing abrasive grit sizes during 

preparation for microscopy / nanoindentation thus removing this layer. Having stated the 

foregoing, the nanoindenter is probably at the limit of its resolution when indenting at 3mN 

and despite careful polishing, there would potentially be a degree of surface strain hardening 

from this process. 

 

When a comparison is made between the heat-treated and non-heat treated values for the non-

oxidising gold cylinder and Dolder bar (Table 6.2, Figures 6.7 and 6.8; Table 6.3, Figures 6.9 

and 6.10), the non-oxidising gold cylinder showed an increase in E-modulus and a decrease in 

hardness for the heat-treated materials, while the Dolder bar showed the opposite with a 

decrease in E-modulus in the heat-treated materials and an increase in hardness for the heat-

treated materials. A possible explanation for the change in the non-oxidising gold cylinder is 

the effect of recovery and possibly recrystallisation in the grain structure during the heat 

treatment resulting in a lower hardness and increased ductility giving a lower yield point 

(Darvell, 2002). In the case of the Dolder bar, the elemental composition of the bar contains 

Cu, which can produce precipitation or order hardening in AuCu alloys at lower temperatures 

(Darvell, 2002; Kim et al., 2001; Watanabe et al., 2001; Yasuda et al., 1986). This probably 

occurred during the cooling after soldering where the bars were cooled over a slightly longer 

time period while encased in the soldering investment, especially the furnace soldered bars. 

The result of this would be an increase in hardness and a decrease in the ductility of the bars 

(Darvell, 2002).  

 

The 20mN indents across the length of the non-oxidising gold cylinder / solder / Dolder bar 

assembly (Appendix 4 to 9) showed an increase in the value for E-modulus and hardness in 

the solders at the non-oxidising gold cylinder / solder junction compared to the rest of the 

solder values for all 3 solder types in the furnace technique. This was also seen in the flame 

700o assembly, but not in the 710o and 745o solder assemblies. While the mean values for E-

modulus and hardness for the solders and Dolder bars at the solder / Dolder bar junctions 

showed that while the materials remained consistent with their bulk values, there was a fair 

degree of scatter in the indent readings along the length of the assemblies. This scatter can be 

explained by small defects, such as porosity being present in the area where the indents took 

place and the surface morphology of the polished assemblies. Despite polishing the specimens 

to 1µm with diamond polishing paste, the visible surface morphology still showed scratch 
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lines. The importance of surface morphology in the results of nanoindentation has been 

reported in two studies (Jiang et al., 2008; Pathak et al., 2009). Both studies found that 

surface roughness can affect the results. Despite the scatter, there was a definite trend 

showing the increased values for E-modulus and hardness at the non-oxidising gold cylinder / 

solder junction. Another potential cause for the values in the area of the non-oxidising gold 

cylinder / solder junction in the 710o and 745o flame solder assemblies not being higher than 

the surrounding areas, as was seen in the other assemblies, is that the diffusion zone in the 

flame technique was not as wide as the furnace technique and the limitation of the positioning 

and distance between indents of the 20mN run may have missed the exact location of the 

diffusion zone.  Hence the reason it was decided to re-indent this area with an applied load of 

3mN. 

 

Due to the non-oxidising gold cylinder / solder junction being identified as the area of interest 

in the 20mN indent process, 3mN indents were used to map a 30µm wide area across the 

diffusion zone interface area (Figure 6.4). The results (Table 6.4) (Figures 6.12 and 6.13) 

showed that there was an increase in the E-modulus and hardness values in the diffusion zone 

at the surface of the cylinder at the non-oxidising gold cylinder / solder interface. An example 

of this is more clearly illustrated by including the BSD images and relating them to the light 

microscope images from the nanoindenter (700o flame and furnace technique) (Figures 6.10 

and 6.11). 

 

The BSD images clearly show the diffusion zone and the 3mN indents clearly show the 

increased values for E-modulus and hardness above those of the non-oxidising gold cylinder, 

solder and Dolder bar. The reason for the increased hardness was explained in Chapter 5 by 

the diffusion of Zn, Cu and Ag from the solder into the Au, Pt, Pd non-oxidising gold 

cylinder. According to Seol et al.  (2005), an increase in Zn, Cu and Ag could bring about a 

change in the mechanical properties of the Au, Pt, Pd alloy such as increasing hardness and 

elastic modulus . According to Craig and Hanks (1993), Au and Pt combine readily with Zn 

with the tendency to increase the brittleness and hardness of the alloy as the percentage of Zn 

is increased. Cu, which imparts improved strength and hardness qualities to gold alloys in 

quantities greater than 12%, causes significant response to heat treatment of the alloy, while 

the presence of Ag and Cu combine to form alloys of increased hardness and reduced melting 

temperatures . The precipitation hardening probably took place during the cooling process 

where the AuCu would have formed a hardened phase (Yasuda et al., 1986). The slightly 

higher hardness values of the furnace technique (mean value 5.17GPa) over the flame 
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technique (mean value 4.93GPa) could be explained by the slower cooling rate with the 

furnace technique compared to the flame technique allowing more precipitation or order 

hardening to occur (Kim et al., 2001). 

 

The grey diffusion zone within the non-oxidising gold cylinder at the cylinder / solder 

interface could be clearly identified and measured with the 3mN indenter. However, although 

the dark eutectic laminar structure with its surrounding bright solder matrix adjacent to the 

grey diffusion zone could also clearly be identified, the size of these structures were too small 

to produce accurate measurements with the applied load of 3mN. This was because it was not 

possible to clearly identify an indent specific to each structure and most of the indents in this 

region are a combination of both structures. An example of this problem is shown in Figure 

6.14. While it is reasonable to suppose that the two structures would be different in their E-

modulus and hardness values, because the two structures were not specifically measured, the 

average of the two is presented in the results and these were similar to the main body of the 

solder. 

 

 
Figure 6.14. Shows 3mN indents across the face of 745o furnace solder joint at the non-oxidising gold 
cylinder / grey diffusion zone / eutectic zone interface. Distinct indents in the cylinder and grey diffusion 
zone (green arrows) are identified while the indents in the eutectic zone (red arrows / outlined in red) 
occur in both the dark eutectic structure and the surrounding bright solder matrix.  
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6.5 Conclusions	  
 

• As a result of the soldering process the non-oxidising gold cylinder showed a slight 

increase in E-modulus and a slight decrease in hardness for the heat-treated materials 

compared to the non-heat treated control, while the Dolder bar shows the opposite 

with a small decrease in E-modulus in the heat-treated materials and a small increase 

in hardness for the heat-treated materials. 

• The E-modulus and hardness values of the diffusion zone, identified in Chapter 5, 

within the edge of the non-oxidising gold cylinder at the non-oxidising gold cylinder / 

solder interface were significantly higher then those of the surrounding non-oxidising 

gold cylinder and the solder. 

• The increase in E-modulus and hardness values of the diffusion zone is caused by the 

diffusion of elements into and out of the non-oxidising gold cylinder with a resultant 

formation of a different alloy to that of the original non-oxidising gold cylinder alloy. 
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7 Summary	  and	  Conclusions	  
 

 

In Chapter 1, the review of the related literature, the literature from clinical studies on 

prosthodontic maintenance complications identified reported failures and fractures of soldered 

bars in bar attachment systems, yet the authors did not comment on the nature, site or etiology 

of failure. In contrast, the fixed prosthodontic literature identified several factors (soldering 

method, solder joint strength, the type of abrasive used to prepare the solder surfaces, levels 

of porosity, diffusion of filler metal into parent metal weakening the joint, voids acting as 

crack initiation points) that impact the quality, strength, and fatigue resistance of solder joints, 

affecting the fabrication of bar attachments for implant overdentures. No definitive solution to 

the problem of failure was identified in the literature, hence the need for the study. 

 

Chapter 2 presented a case series of SEM observations on both fractured and intact soldered 

maxillary and mandibular overdenture bars that occurred during the course of this study and 

illustrated the clinical nature of the problem. The findings revealed stress corrosion followed 

by corrosion fatigue as being a key factor in the onset of the failure process.  Of note in this 

study was the identification of a brittle failure mode that had taken place within the edge of 

the cylinder at the solder / cylinder interface. Brittle overload was observed in the failed bar 

group occurring predominantly in the cylinders at the solder / cylinder interface. 

 

Chapter 3 investigated the fracture behaviour of fatigue-loaded cantilever bars and related the 

results with the clinically failed bar attachment systems. It found that soldered joints used 

with bar attachment systems have relatively low yield stresses and that distal cantilever bars 

are prone to plastic deformation under biting forces similar to those developed in vivo. The 

study also showed that the yield stress depends on the soldering alloy type in terms of 

resistance to deformation. This study’s findings supported the observations in Chapter 3 that 

corrosion fatigue in conjunction with masticatory cyclic loading, appears to be the primary 

factor in the etiology of observed clinical failure.  

 

At this point in the study, the evidence was leading to the effect of cyclic loading, in 

conjunction with corrosion fatigue, on the properties of the solder joint area as being the area 

of interest in the failure analysis. 



 107 

 

Chapter 4 investigated the influence of a flame and furnace soldering method on the stress 

corrosion, fatigue resistance and fracture toughness of soldered bar attachment systems for 

implant overdentures. The study was unable to produce corrosion on the surfaces of the 

soldered bar attachment systems during fatigue cycling up to 502170 cycles in an in vitro wet 

corrosive environment. However, the study found that furnace soldered specimens contained 

more porosity than the flame soldered specimens. The presence of porosity in both flame and 

furnace soldered specimens appears to have shortened the fatigue life of the specimens. Both 

soldering processes produced a thin brittle diffusion layer within the surface of the non-

oxidising gold cylinder at the solder / cylinder interface. The K1c of this layer was similar to 

that of a tough dental ceramic. No similar metallic reaction occurred at the solder / Dolder bar 

junction. The study found that cracking initiated within the solder around the defects that 

were present. However, when the crack reached the solder / cylinder interface, there was a 

catastrophic failure as per a brittle mode of failure down the diffusion layer within the surface 

of the non-oxidising gold cylinder.  

 

Chapter 5 continued with the investigation of the metallurgical composition of a non-

oxidising gold cylinder soldered to a Type IV gold Dolder bar using 3 different gold solders 

and 2 different soldering techniques. The study found, using BSD imaging, that distinct 

phases at the non-oxidising gold cylinder / solder junction formed during the soldering 

process in the solder matrix and the cylinder, but not at the solder / Dolder bar junction. The 

width of diffusion zone in the edge of the cylinder was dependent upon the elemental 

composition of the solders used and the soldering technique, with the flame technique 

producing a narrower zone width compared to the furnace technique. A eutectic structure 

formed within the solder adjacent to the cylinder with the flame technique producing a 

narrower zone width compared to the furnace technique and that a precipitated spheroid phase 

formed in the bright solder matrix adjacent to the eutectic zone. The extent of this formation 

was dependent on the elemental composition of the solder being used and the soldering 

technique. The EDS analysis showed the homogeneous diffusion zone within the cylinder 

contained the elements Au, Pd, Pt, Ag, Cu and Zn, that was different to the bulk material 

which contained only Au. Pd and Pt. The bright phase in the eutectic structure of the solder 

showed a high concentration of Au with lower concentrations of Pd, Ag, Zn, and Cu. The 

darker particle-like structures and precipitated spheroid phases in the bright eutectic matrix 

showed high concentrations of Zn and Pt and that Zn, Cu and Ag had migrated from the 
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solder towards the cylinder interface while Pd and Pt had diffused from the cylinder into the 

solder to form eutectic and precipitated spheroid phases. 

 

Finally, Chapter 6 investigated the same joint areas identified in Chapter 5 in terms of their 

mechanical properties (E-modulus and hardness) using nanoindentation and found that the 

diffusion zones, identified in Chapter 5, within the edge of the non-oxidising gold cylinder at 

the non-oxidising gold cylinder / solder interface were significantly higher in E-modulus and 

hardness, than those of the surrounding non-oxidising gold cylinder and the solder.  

 

In summary, it would appear that the soldering process, when joining a non-oxidising gold 

cylinder to a Type IV gold Dolder bar, creates a hard brittle diffusion zone within the non-

oxidising gold cylinder at the non-oxidising gold cylinder / solder interface that will lead to 

catastrophic failure if crack propagation, that occurs within the more ductile solder, reaches 

this zone. 

 

 

7.1 Recommendations	  

 

When fabricating bar attachment systems using a soldering technique, the dental technician 

should avoid using the non-oxidising gold cylinders as supplied and recommended by the 

implant component manufacturers. Instead, the dental technician should cast plastic burnout 

abutments / cylinders in a Type IV gold alloy and use these components in the bar attachment 

system, thereby avoiding the development of the brittle diffusion layer. Manufacturers of 

implant components, i.e. cylinders for use in the fabrication of bar attachment systems, should 

introduce an additional cylinder to their product line for the soldering technique made from 

Type IV gold alloy, the same as the Type IV gold alloy used to manufacture the Dolder bar. 
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Appendix	   1:	   EDS	   analysis	   of	   phases/areas	   at	   the	   cylinder	   /	   solder	  
interface	  -‐	  flame	  versus	  furnace	  700o	  specimen	  
 

 
BSD image of flame soldered 700o specimen 

showing phases / areas 1- 4 

 
BSD image of furnace soldered 700o specimen 

showing phases / areas 1- 4 
 

Mean results from 5 spots gained in phase / area 1 (solder matrix, bright) 

W% C Cu Zn Pd Ag Au Pt 
Av. 11,11 3,61 8,05 4,55 7,23 62,23 - 
Sd. 2,14 0,49 2,15 0,87 0,93 2,87 - 
At%  9.21 14.74 9.75 12.31 54.01 - 

Phase/area 1 - flame 700 specimen 

W% C Cu Zn Pd Ag Au Pt 
Av. 7,98 3,22 4,40 4,48 8,53 71,39 - 
Sd. 0,52 0,62 0,93 2,11 0,79 1,05 - 
At%  9.57 9.10 10.64 12.62 58.68 - 

Phase/area 1 - furnace 700 specimen 

Mean results from 5 spots gained in phase / area 2 (particle like eutectic structures, dark shape) 

W% C Cu Zn Pd Ag Au Pt 
Av. 12,52 2,17 13,23 10,73 4,16 41,77 23,59 
Sd. 2,55 0,66 3,88 2,52 1,75 15,11 13,00 
At%  4.17 31.72 12.84 5.34 34.00 11.91 

Phase / area 2 - flame 700 specimen 

W% C Cu Zn Pd Ag Au Pt 
Av. 7,00 2,22 14,66 14,26 3,18 26,62 31,49 
Sd. 0,21 0,66 1,76 0,90 1,46 4,46 3,58 
At%  4.23 17.48 18.91 4.05 18.10 23.18 

Phase / area 2 - furnace 700 specimen 

Mean results from 5 spots gained in phase / area 3 (diffusion zone within cylinder) 
W% C Cu Zn Pd Ag Au Pt 
Av. 11,66 1,95 8,71 13,51 3,69 55,07 15,03 
Sd. 1,88 0,47 1,49 1,91 ! 5,09 1,07 
At%  5.58 17.71 11.75 9.65 10.91 44.39 

Phase / area 3 - flame 700 specimen 

W% C Cu Zn Pd Ag Au Pt 
Av. 7,83 2,48 6,32 14,94 3,63 55,07 16,88 
Sd. 0,13 0,40 1,18 2,49 1,23 7,68 ! 
At%  6.30 14.05 18.61 4.07 42.22 14.75 

Phase / area 3 - furnace 700 specimen 

Mean results from 5 spots gained in phase / area 4 (cylinder) 

W% C Pd Au Pt 
Av. 11,61 14,78 53,87 19,75 
Sd. 2,61 1,29 1,94 0,72 
At%  28.01 52.66 19.40 

Phase / area 4 - flame 700 specimen 

W% C Pd Au Pt 
Av. 7,81 16,43 54,24 20,88 
Sd. 1,49 1,11 1,69 2,15 
At%  27.40 53.99 18.59 

Phase / area 4 - furnace 700 specimen 



 120 

 

Appendix	   2:	   EDS	   analysis	   of	   phases/areas	   at	   the	   cylinder	   /	   solder	  
interface	  -‐	  flame	  versus	  furnace	  710o	  specimen	  	  
 

 
BSD image of flame soldered 710o specimen 

showing phases/areas 1- 4 

 
BSD image of furnace soldered 710o specimen 

showing phases/areas 1- 4 
 

Mean results from 5 spots gained in phase / area 1 (solder matrix, bright) 
w% C Cu Zn Pd Ag Au Pt 
Av. 9,07 4,24 4,58 5,81 18,45 59,38 - 
Sd. 1,76 0,20 0,61 0,69 0,30 0,81 - 
At%  10,75 9,8 7,7 25,9 45,9  

Phase / area 1 - flame 710 specimen 

w% C Cu Zn Pd Ag Au Pt 
Av. 10,08 3,77 3,96 5,41 19,43 57,35 - 
Sd. 0,54 0,79 1,10 1,00 0,98 1,22 - 
At%  7,34 12,13 9,54 25,99 44,1  

Phase / area 1 - furnace 710 specimen 

Mean results from 5 spots gained in phase / area 2 (particle like eutectic structures, dark shape) 
w% C Cu Zn Pd Ag Au Pt 
Av. 9,27 2,80 14,97 20,85 5,45 20,59 25,45 
Sd. 0,86 0,38 0,94 2,63 0,84 4,28 2,30 
At%  5,59 31,05 25,10 7,15 12,19 16,73 

Phase / area 2 - flame 710 specimen 

w% C Cu Zn Pd Ag Au Pt 
Av. 10,31 3,74 14,54 17,46 4,94 23,71 25,08 
Sd. 0,95 0,65 3,16 1,72 1,84 7,56 4,31 
At%  7,53 28,45 22,34 7,75 18 16,08 

Phase / area 2 - furnace 710 specimen 

Mean results from 5 spots gained in phase / area 3 (diffusion zone within cylinder) 
w% C Cu Zn Pd Ag Au Pt 
Av. 12,31 2,25 5,84 16,06 5,20 52,12 18,29 
Sd. 1,12 0,31  2,96 1,90 10,78  
At%  5,52 14,71 21,58 5,87 37,2 15,43 

Phase / area 3 - flame 710 specimen 

w% C Cu Zn Pd Ag Au Pt 
Av. 8,53 2,54 5,98 12,38 3,86 45,29 20,89 
Sd. 3,19 1,39 2,29 3,27 0,54 5,70 1,85 
At%  5,68 18,15 19,29 5,78 32,7 14,68 

Phase / area 3 - furnace 710 specimen 

Mean results from 5 spots gained in phase / area 4 (cylinder) 
w% C Pd Au Pt 
Av. 9,38 17,23 53,54 19,86 
Sd. 1,95 0,94 1,48 0,96 
At%  29,1 52 18,83 

Phase / area 4 - flame 710 specimen 

w% C Pd Ag Au Pt 
Av. 10,89 15,39  53,07 20,66 
Sd. 0,08 0,34  0,42 0,83 
At%  28,21  52,02 19,76 
Phase / area 4 - furnace 710 specimen 
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Appendix	   3:	   EDS	   analysis	   of	   phases/areas	   at	   the	   cylinder/solder	  
interface	  -‐	  flame	  vs.	  furnace	  745o	  specimen	  	  
 

 
BSD image of flame soldered 745o specimen 

showing phases/areas 1- 4 

 
BSD image of furnace soldered 745o specimen 

showing phases/areas 1- 4 
 

Mean results from 5 spots gained in phase / area 1 (solder matrix, bright) 
w% C Cu Zn Pd Ag Au Pt 
Av. 12,29 3,62 7,21 - 8,43 68,44 - 
Sd. 0,59 0,64 0,89 - 0,47 1,35 - 
At% 11,42 18,16 - 13,56 56,69 - 

Phase / area 1 - flame 745 specimen 

w% C Cu Zn Pd Ag Au Pt 
Av. 9,32 3,28 5,62 - 9,60 72,17 - 
Sd. 0,82 0,34 0,42 - 0,90 0,55 - 

At% 7,33 10,81 6,7 11,02 59,16 5,42 
Phase / area 1 - furnace 745 specimen 

Mean results from 5 spots gained in phase / area 2 (particle like eutectic structures, dark shape) 
w% C Cu Zn Pd Ag Au Pt 
Av. 9,63 2,56 10,08 8,27 5,72 49,22 16,44 
Sd. 1,96 0,30 1,16 0,29 0,58 6,25 1,55 
At% 6,15 26,65 11,75 7,55 33,62 14,25 

Phase / area 2 - flame 745 specimen 

w% C Cu Zn Pd Ag Au Pt 
Av. 9,78 2,44 11,52 9,47 4,41 34,63 27,76 
Sd. 0,46 0,39 3,01 1,03 1,63 8,52 6,11 
Ât% 

5,87 23,96 12,43 6,49 31,66 19,56 
Phase / area 2 - furnace 745 specimen 

Mean results from 5 spots gained in phase / area 3 (diffusion zone within cylinder) 
w% C Cu Zn Pd Ag Au Pt 
Av. 14,36 2,48 10,87 14,40  57,89  
Sd.        
At% 6,14 26,65 21,31  46,31  

Phase / area 3 - flame 745 specimen 

w% C Cu Zn Pd Ag Au Pt 
Av. 11,37 2,52 11,2 13,86 3,36 57,7 - 
Sd.        
At% 5,96 25,76 19,58 4,68 44  

Phase / area 3 - furnace 745 specimen 

Mean results from 5 spots gained in phase / area 4 (cylinder) 
w% C Pd Au Pt 
Av. 8,99 15,45 55,61 19,95 
Sd. 2,12 0,59 0,97 1,57 
At%  27,72 52 20,27 

Phase / area 4 - flame 745 specimen 

w% C Zn Pd Ag Au 
Av. 11,9 2,26 20,33 2,57 62,95 
Sd.      
At%  6,08 33,57 4,19 56,15 
Phase / area 4 - furnace 745 specimen 
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Appendix	   4:	   Detailed	   results	   20	   mN	   indents	   of	   furnace	   soldered	  
assembly	  700o	  
 

 
Graph showing the mean E-modulus values of the two indentation rows in the furnace 700o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
 

 
Graph showing the mean hardness values of the two indentation rows in the furnace 700o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
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Appendix	   5:	   Detailed	   results	   20	   mN	   indents	   of	   furnace	   soldered	  
assembly	  710o	  
 

 
Graph showing the mean E-modulus values of the two indentation rows in the furnace 710o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
 

 
Graph showing the mean hardness values of the two indentation rows in the furnace 710o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
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Appendix	   6:	   Detailed	   results	   20	   mN	   indents	   of	   furnace	   soldered	  
assembly	  745o	  
 

 
Graph showing the mean E-modulus values of the two indentation rows in the furnace 745o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
 

 
Graph showing the mean hardness values of the two indentation rows in the furnace 745o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
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Appendix	   7:	   Detailed	   results	   20	   mN	   indents	   of	   flame	   soldered	  
assembly	  700o	  
 

 
Graph showing the mean E-modulus values of the two indentation rows in the flame 700o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
 

 
Graph showing the mean hardness values of the two indentation rows in the flame 700o solder 
assembly. Cylinder values are on the left, followed by solder with the Dolder bar values on 
the right. 
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Appendix	   8:	   Detailed	   results	   20	   mN	   indents	   of	   flame	   soldered	  
assembly	  710o	  
 

 
Graph showing the mean E-modulus values of the two indentation rows in the flame 710o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
 

 
Graph showing the mean hardness values of the two indentation rows in the flame 710o solder 
assembly. Cylinder values are on the left, followed by solder with the Dolder bar values on 
the right. 
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Appendix	   9:	   Detailed	   results	   20	   mN	   indents	   of	   flame	   soldered	  
assembly	  745o	  
 

 
Graph showing the mean E-modulus values of the two indentation rows in the fame 745o 
solder assembly. Cylinder values are on the left, followed by solder with the Dolder bar 
values on the right. 
 

 
Graph showing the mean hardness values of the two indentation rows in the fame 745o solder 
assembly. Cylinder values are on the left, followed by solder with the Dolder bar values on 
the right. 
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Appendix	   10:	   Interface	   area	   cylinder	   /	   solder	   -‐	   furnace	   soldering	  
700o	  
 

 
Graph showing mean E-modulus values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

 
Graph showing mean hardness values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

The E-modulus values were in a range of ~150GPa to the 8µm position with a 180GPa 

modulus at the diffusion zone. Thereafter they decreased to level out in a range of 140GPa as 
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the indents moved into the solder. The hardness values in the cylinder had a similar trend at 

~4.5GPa. At the 10µm position, there was a higher value of 5.5GPa in the diffusion zone at 

the cylinder / solder interface. Thereafter the values were constant in a range of 3.8 to 4.5GPa. 
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Appendix	   11:	   Interface	   area	   cylinder	   /	   solder	   -‐	   furnace	   soldering	  
710o	  
 

 
Graph showing mean E-modulus values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

 
Graph showing mean hardness values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

The mean values in E-modulus at the 2µm position had a modulus of 175GPa, which 

coincided with the diffusion zone. Thereafter, the modulus had ~140GPa through to the 30µm 

position in the bulk solder. There is a 1.5GPa increase in the hardness value between the 0µm 
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position in the cylinder (3.4GPa) and the 2µm indentation in the start of the diffusion zone 

(4.9GPa). The rest of the hardness values were ~4GPa. 
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Appendix	   12:	   Interface	   area	   cylinder	   /	   solder	   -‐	   furnace	   soldering	  
745o	  
 

 
Graph showing mean E-modulus values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

 
Graph showing mean hardness values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 
The E-modulus values were ~170GPa to the 6µm position increasing to 180GPa at the 

diffusion zone. Thereafter, the modulus was ~150GPa as the indents moved into the solder. 

The hardness values in the cylinder were ~4GPa. At the 8µm position, there was a higher 

value of 5.1GPa in the diffusion zone at the cylinder / solder interface. Thereafter the values 

were ~4.3GPa. 
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Appendix	  13:	  Interface	  area	  cylinder	  /	  solder	  -‐	  flame	  soldering	  700o	  
 

 
Graph showing mean E-modulus values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

 
Graph showing mean hardness values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

The E-modulus values were ~160GPa to the 12µm position increasing to 165GPa at the 

diffusion zone. Thereafter, the modulus was ~145GPa as the indents moved into the solder. 

The hardness values in the cylinder were ~3.3GPa. At the 12µm position, there was a higher 

value of 4.8GPa in the diffusion zone at the cylinder / solder interface. Thereafter the values 

were ~4GPa. 
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Appendix	  14:	  Interface	  area	  cylinder	  /	  solder	  -‐	  flame	  soldering	  710o	  
 

 
Graph showing mean E-modulus values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

 
Graph showing mean hardness values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

The E-modulus values were ~165GPa to the 6µm position, increasing to 190GPa at the 

diffusion zone. Thereafter, the modulus was ~145GPa as the indents moved into the solder.  

The hardness values in the cylinder were lower than those of the solder ~3.3GPa. At the 8µm 

position, there was a higher value of 5GPa in the diffusion zone at the cylinder / solder 

interface. Thereafter the values were constant in a range of 4 to 4.4GPa. 



 135 

 

Appendix	  15:	  Interface	  area	  cylinder	  /	  solder	  -‐	  flame	  soldering	  745o	  	  
 

 
Graph showing mean E-modulus values of 3 indentation lines in the area of the junction 
between the cylinder and the solder. 
 

 
Graph showing mean hardness values of 3 indentation lines in the area of the junction 
between the cylinder and the solder.  
 

The E-modulus values were ~170GPa to the 8µm position increasing to 190GPa at the 

diffusion zone. Thereafter the modulus was ~148GPa as the indents moved into the solder. 
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The hardness values in the cylinder were similar to those of the solder ~4GPa. At the 10µm 

position, there was a higher value of 5GPa in the diffusion zone at the cylinder / solder 

interface. Thereafter the values were ~4GPa. 

 

 

 

 


